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A B S T R A C T
The petrology and geochemistry of  four Jurassic and three Cretaceous 
granit ic  bodies from four d i f fe re n t  areas along the Korean peninsula 
(from NW to SE; younging direction of  igneous a c t iv i ty )  are presented 
and discussed. This work is intended to elucidate the nature and origin
of  selected Jurassic and Cretaceous granites in connection with the 
tectonic evolution of  a continental margin before the opening of the Sea 
of Japan (64 Ma).
The Jurassic Seoul and Anyang granites ("S-type") are a lkaline subsol vus 
equigranular monzogranites (^^Sr/^^Sr = 0.712) which crysta l l ised under 
rather unstable conditions as la te - tecton ic  granites. The Seoul and 
Anyang granites are thought to have been derived from 30% and 10% part ia l  
melting of amphibolite facies metasedimentary rocks, respectively  
[(Ce/Yb)N = 0.4  -  13.5] .  The Jurassic Nonsan and Daejeon granit ic  rocks 
("S-type") are c a lc -a lka l ine ,  subsol vus granodiorite and monzogranite 
(^^Sr/^^Sr = 0 .710) ,  respectively. These gran i t ic  rocks show fo l ia t ions  
and other syntectonic features and are considered to have been derived 
from 60-70% par t ia l  melting of  the Precambrian basement [(Ce/Yb)N = 63.3] .  
The heat source to melt a large proportion of  the Precambrian rocks was 
probably a consequence of the closing of the Ogcheon basin at  a time of 
microcontinental co l l is ion during the Daebo orogeny (mid-late Jurassic).
The Cretaceous Palgongsan granite is a ty p ic a l ,  ca lc -a lka l ine ,  subsol vus 
monzogranite, and shows strong characteristics of  "I -type" granite by 
mineralogy and chemical composition. The composition of this granite is 
consistent with an orig in by fract ional crys ta l l isa t ion  to form a minera- 
tog ica l ly  and chemically concentrically zoned pattern [(Ce/Yb)N = 7.091.
The Eonyang and Yoocheon granites are also calc-aTkal ine, subsol vus and 
subvolcanic granites (" I - typ e " ;  ^^Sr/^^Sr = 0.707).  These granites were 
emplaced at high crustal level with possibly a direct  l ink  between the 
plutons and caldera-centred andesitic volcanicity. The granites and the 
andésites seem to share a common parental magma which is thought to have 
been derived from part ia l  melting of  a mantle wedge at a consequence of 
subduction of the Kula-Pacific ridge.
On the basis of  these results and taking into account geochemical and 
structural work already published, i t  is concluded that during the 
Jurassic and Cretaceous periods in South Korea, granites were f i r s t  em­
placed at a compresssive in traplate  boundary and l a t e r  above a subducting 
oceanic slab.
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C H A P T E R  I
INTRODUCTION
1.1 General statements
This chapter is mainly an introduction to the general geology of the 
Republic of Korea (hereafter called South Korea) with more specif ic  
comments on the granites in space and time based on previous studies.
By means of petrological and geochemical studies this research is in ­
tended to elucidate the nature and origin of selected Jurassic and Creta­
ceous granites in connection with the tectonic evolution of the Korean 
peninsula as an ancient continental margin.
1.2 General geology of South Korea
1.2.1 Geographic setting
Korea is a mountainous country situated on a peninsula which is bordered 
to the west and south by the Yellow Sea, to the east by the Sea of  Japan,
and to the north by the mainland of  Asia (F ig .1 .1 ) .  Generally, elevation
and r e l i e f  decrease from north to south and from east to west across the 
peninsula. The highest peaks, exceeding 2,500 metres elevation, pro­
trude in the extreme northeastern part of North Korea. The mountains in 
South Korea are not high, ra re ly  exceeding 1,200 metres.
The higher eastern coast of the peninsula is curv i l inear  compared to the 
west and south coasts which are ir regular .  These coastal features re­
f le c t  a regime of marine erosion along the emerging eastern shore and a 
depositional regime along the submerging western margin of  the peninsula, 
where t id a l  marshes and mud f la ts  are quite common. Along the east coast, 
beaches of sand or gravel occur in isolated bays separated by erosional 
headlands. Also, a veneer of bouldery, sandy s i l t s  on gently sloping 
benches, as well as la te  Cenozoic, cemented, benthonic invertebrate  
fossils  several feet  above the present mean high t ide indicate the u p l i f t  
of eastern Korea. This emergence and submergence of  the coastlines is 
associated with Cenozoic t i l t i n g  about a northwest trending axis 
(Reedman, A.J. & Um, S.H. 1975). Evidence of submergence on the west
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FIGURE 1.1 The d istr ibut ion  of  the North China-Korea platform 
(modified from Maxingyuan & V/uzhengwen 1981).
coast includes islands, embayments, and features generally indicative of 
a drowning coastline. The divide separating westward and eastward 
draining streams occurs about 20 kilometres west of the eastern coast of 
the peninsula and approximately corresponds with the presumed northwest 
trending axis of  t i l t  of the peninsula. Because of this topographic 
asymmetry, streams draining westward into the Yellow Sea are considerably 
longer than those draining eastward into the Sea of Japan and flow with 
lower gradients.
1.2.2 Geological setting
General syntheses of the geology of Korea are given by Um, S.H. (1974) 
and Reedman, A.J. & Um, S.H. (1975).
The Korean peninsula is located in the southeastern part of the North 
China-Korea platform (F ig .1 .1 ) ,  a sector of the Earth's crust which be­
haved as a stable craton subject only to epeirogenic movement for over a 
thousand mil l ion years pr ior  to the Mesozoic Era (Reedman, A.J. & Um, S.H. 
op c i t ; Maxingyuan & Wuzhengwen 1981).
The Mesozoic Era was a time of  crustal mobi lity for  the peninsula as 
evidenced by thick sedimentary and volcanic sequences that were repeatedly 
deformed and intruded by granites which, in par t ,  is the subject of this  
thesis. The rocks of South Korea span approximately two thousand mil ­
l ion years of Earth history. The geologic map of Korea and the major 
stratigraphy of South Korea are presented in Fig.1.2a and Fig.1.2b re­
spectively. The physiographic units of the Korean peninsula re f le c t  the 
tectonic and geologic units on which they developed. Major faults  and 
fold axes in Korea trend north-northeast and northeast para l le l  to the 
general tectonic grain which is known as the "Sinian d irec t ion" (Pumpelley 
■1886). Nahm, G.Y. (1970) attempted to take a tectonic map of the Korean 
peninsula from the l ineations shown on the 1/250,000 scale r e l i e f  maps 
( F ig .1 .3 ) .  Recent LANDSAT imagery of South Korea by Kang, P.O. (1979) 
reveals that  tectonic lineaments are dominantly N25°E direction (Sinian 
d i re c t io n ) .
The distr ibut ion of Precambrian rocks in South Korea and th e ir  radiometric 
age determinations are presented in F ig .1.4. South Korea has been
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FIGURE 1.3 The tectonic lineament and fan-diagram of the Korean peninsula 
(a f te r  Nahm 1970).
divided into tectonic provinces according to tectonic history and geologic 
units:
(a) The Gyeonggi massif
(b) The Ogcheon Fold Belt
(c) The Ryeongnam massif
(d) The Gyeongsang Sedimentary Basin
The general geology of  each tectonic province is as follows:
(a) The Gyeonggi massif
Precambrian schists and paragneisses, which were intruded by Precambrian 
granite gneiss and Jurassic granites, comprise the Gyeonggi massif. These 
metasediments are approximately bisected by a north-northeast trending 
graben, the Seoul-Wonsan r i f t  valley (see F ig .1 .3 ) ,  which is also known 
as the Chugaryeong Graben (Um, S.H. 1974). Structural trends in the 
Gyeonggi massif are predominantly north-northeast, with some structures 
exhibi ting a north to south or ientation produced by orogeny and contem^ 
poraneous block fau l t ing  during the Precambrian.
Block fau lt ing occurred in several separated episodes unti l  the Jurassic 
Daebo orogeny (F ig .1 .2 b ) ,  when granit ic  magma was intruded along these 
fau l ts .  The trend of  these faults  is indicated by the p a r a l le l ,  stra ight  
development of  l inear  stream valleys in the massif (Um, S.H. op c i t ) .
Large areas of  the massif are underlain by grey gneisses composed of quartz,  
microcline, plagioclase, b i o t i t e ,  and hornblende with accessory garnet, 
zircon, epidote and s i l l im a n i te .  On the minerals present and on the pre­
dominant textures, the gneisses have been c lass i f ied  as banded b io t i te  
gneiss and quartzo-feldspathic gneiss. Interspersed amongst the gneisses 
are small enclaves of b io t i te  schist,  b i o t i t e - s i l 1imanite schist,  graphi­
t i c  schist ,  quartz-muscovite schist,  amphibolite and marble. The schists 
contain accessory amounts of  almandine, s i l l im a n i te ,  andalusite and, more 
rare ly ,  s tauro l i te  and kyanite. The mineral assemblages of the schists 
and gneisses are character is tic  of the amphibolite facies of the low to 
intermediate P/T metamorphic facies series (Reedman, A.J. & Um, S.H.
1975).
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FIGURE 1.4 Distribution of Precambrian rocks in S.Korea 
and radiometric age determinations from 
various workers.
Isotopic age determinations have been carried out on samples from the 
massif in an attempt to date Precambrian metamorphic events and hence 
determine the minimum age of  the various rock groups they affected.
Hurley et al (1973) have obtained Rb/Sr whole rock ages on gneisses from 
the south-western part of the massif (F ig .1.4) ranging from approximately 
1,100 Ma to 2,700 Ma. They suggested that the wide scatter of apparent 
ages did not necessarily r e f le c t  differences in the original age of the 
rocks, but was due to isotopic homogenisation about 180 Ma ago related to 
the Daebo metamorphism (during the Daebo orogeny) and the associated 
widespread intrusion of Jurassic granit ic  plutons within the massif.
Na, K.C. & Lee, D.J. (1973) obtained a whole rock Rb/Sr isochron age of 
2,666 -  40 Ma for  four gneisses collected from the north-western and cen­
t ra l  part of the massif. This resu lt  suggests that a widespread meta­
morphic event of  Archaeozoic age affected at  least some of the massif. 
Zircons separated from gneisses y ie ld  a Pb/U age of 2,150 Ma (Gaudette & 
Hurley 1973).
These isotopic age data are somewhat ambiguous, though they are generally 
consistent with the view that the Gyeonggi massif is a polymetamorphic 
terra in  containing extensive elements of early Proterozoic and Archaeozoic 
age.
(b) The Ogcheon Fold Belt
The Ogcheon Fold Bel t ,  occupying the s i te  of the pre-existing Ogcheon 
sedimentary basin, transects the Korean peninsula from northeast to south­
west and is bounded on both sides by the Precambrian Gyeonggi and 
Ryeongnam massifs ( F ig .1 .4 ) .  The Ogcheon Fold Belt consists mainly of 
jbhyll i t ic  rocks with some graphite, p h y l l i te  mica schist,  quartz i te ,  
amphibolite, and minor amounts of limestone and dolomite.
The Fold Belt can be divided into two major zones: a metamorphic zone in
the southwest, and a non-metamorphic zone in the northeast (F ig .1 .4 ) .
The former zone contains predominantly metasedimentary rocks of contro­
versial age of sedimentation; both la te  Proterozoic and Cambro-Ordo- 
vician ages have been proposed (Reedman, A.J. & Um, S.H. 1975, and 
Son, C.M. 1970, respectively) .  The l a t t e r  zone contains r e la t iv e ly  
l i t t l e  metamorphosed or even unmetamorphosed sequences of  Palaeozoic age. 
In addition to the contrasts in the ir  stratigraphy and metamorphic grade, 
the two zones display differences in th e ir  structure. The metamorphic
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zone is characterised by major similar folds with northeasterly trending 
and ubiquitous penetrative minor structures such as axial plane and crenu- 
la t ion fo l ia t io n  and a variety  of types of tectonic l ineation a l l  resu lt ­
ing from intense plast ic  deformation of the s trata .  The folds in this 
zone paralle l the elongation of the Jurassic granite batholiths (Fig.1 .2a)
The non-metamorphic zone has yielded by b r i t t l e  fracture resulting in the 
formation of numerous high angle thrust faults  and zones of  imbrication.  
According to Reedman, A.J. & Um, S.H. (1975), a subsiding zone, which is 
known as the Ogcheon basin, developed between the Gyeonggi and Ryeongnam 
massifs. The Ogcheon basin was only one of several s imilar  basins which 
developed on the North China-Korea platform ( F ig .1.1) and in which marine 
sediments of la te  Proterozoic to mid-Ordovician age were deposited. At 
the onset of  the Cambrian period the Ogcheon basin became enlarged and a 
dominantly calcareous sequence of marine sediments of Cambrian and Ordo­
vician age was deposited. Sedimentation v i r t u a l l y  ceased over the whole 
of the North China-Korea platform in mid-Ordovician times and a long 
period of  s t a b i l i t y  was followed by the onset of gentle subsidence and 
renewed marine sedimentation in la te  Carboniferous times. The la te  
Palaeozoic basins formed upon the previous sites of the la te  Proterozoic 
and Cambro-Ordovician basins and, consequently, in many places the upper 
Palaeozoic sequences rest  disconformably upon lower Palaeozoic strata  
which had remained undisturbed throughout the great mid-Palaeozoic hiatus 
(Fig. 1.2b).  The la te  Carboniferous to early Triassic episode of sedi­
mentation in the Ogcheon basin resulted in the deposition of f i r s t l y  
marine, and subsequently non-marine sequences. The thick non-marine 
sediments contain important coal-measures of Permian age. In the Korean 
peninsula the onset of an orogenic phase which was to a f fec t  many of the 
intracratonic basins of the North China-Korea platform was heralded by 
the fold movements of the Songrim Disturbance (see Fig.1.2b)  in mid- 
Triassic times. These movements were f a i r l y  severe in North Korea where 
granites of Triassic age were also intruded, but in the Ogcheon basin 
they consisted mainly of gentle warping and t i l t i n g  of the la te  Protero­
zoic to early Triassic s tra ta .
Following the Songrim Disturbance the Ogcheon basin lost  i ts  iden t i ty  as 
the main locus of Phanerozoic sedimentation in South Korea, and the non­
marine sediments were deposited unconformably upon older rocks in isolated
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basins within the Ogcheon Belt and also scattered over the Gyeonggi massif.
The sediments of  la te  Tr iassic and early Jurassic age contain important 
coal bearing s t ra ta ,  but are mainly characterised by the presence of 
th ick ,  lo ca l ly  derived, conglomerate horizons. These conglomerates tes­
t i f y  to the tectonic in s ta b i l i t y  of the times, an in s ta b i l i t y  which reached 
a climax in the ensuing Daebo orogeny in Jurassic age. During the Daebo 
orogeny the rocks of  the Ogcheon basin were folded and metamorphosed to 
form the Ogcheon Fold Belt.
Deformation was not restr ic ted to the Ogcheon Fold Belt but also affected 
the marginal massifs. The metamorphic mineral assemblages (Kim, H.S.
1971) and garnet-b io t i te  geothermometry (Hong, Y.K. 1979) from the Ogcheon 
Fold Belt reveal that a sequence of Barrovian metamorphic zones of in te r ­
mediate P/T facies were developed. Huge syn-tectonic granodiorit ic  and 
gran it ic  batholiths of  Jurassic age were intruded into the Ogcheon Belt.
The metamorphic grade, in general,  increases from greenschist facies to 
amphibolite facies from the southeast margin of the Ogcheon Fold Belt to 
the northwest margin along which the greatest part of Jurassic granit ic  
batholiths were intruded. Some geologists were tempted to in terpret  the 
resulting Fold Belt as having been formed by:
( i )  co l l is ion of continental fragments of micro-plates
( S i l l i t o e ,  R.H. 1975);
( i i )  in re la t ion to the presence of  a convergent plate margin in 
the v ic in i ty  of Japan (Park, B.K. & So, O.S. 1973):
Burrett 1974);
( i i i )  the movement of  basement blocks in the intracratonic sedimentary
basin (Reedman, A.J. & Um, S.H. 1975; Fletcher, C.J.N. 1976);
and
( iv )  mantle hot spots or thermal rises model (Park, B.K. & Do, I .K.  
1974; Workman 1972).
(c) The Ryeongnam massif
The massif is bounded by the Ogcheon Fold Belt on i t s  northwestern side 
and covered by a thick Cretaceous sedimentary-volcanic assemblage in the 
southeast (F ig .1 .4 ) .  The main rock groups of  the massif are composed of
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gneisses and schists similar  to those of Gyeonggi massif with the 
commonest rock-types being quartzo-feldspathic and migmatitic gneisses. 
Large intrusions of anorthosite, gabbro and d io r i te  are found in the 
southern part of the massif.
During the Daebo orogeny, the Precambrian rocks which show a metamorphic 
episode of the low P/T facies were again deformed together with th e i r  
cover, and the intrusion of large granite plutons resulted in local 
thermal metamorphism. The effects of the Jurassic deformation were 
f a i r l y  marked and included fo lding, re fo l ia t io n  and fault ing of parts of 
the Precambrian sequence.
A Rb/Sr whole rock isochron for  the Precambrian Hongjesa granite from the 
northeastern part of the massif reveals the age of 1,714 - 28 Ma (Kim, D.H, 
et al 1978). Granite gneiss, also from the northeastern side of the 
massif, has yielded apparent agesof 1,430 Ma and 1,525 Ma by the Rb/Sr 
whole rock method (Ueda 1969). The central part of  the Ryeongnam massif 
is predominantly underlain by gneisses. Schist formations of local ex­
tent are found within the gneissic te rra in  but large masses of migmatit ic 
gneiss of  adamellit ic  composition predominate. The gneisses consist of  
migmatitic gneiss, granite gneiss, banded b io t i te  gneiss and microcline-  
quartz augen gneiss. Thin bands of quartz -b io t i te  schist and hornblende- 
b i o t i t e ,  together with lenses of 1ime-s i l ica te  rock, are intercalated  
within the gneisses. The grade of metamorphism loca l ly  attains granu- 
l i t e  facies grade but mineral assemblages typical of the amphibolite 
facies are more character is t ic  (Kim, H.S. 1970).
(d) The Gyeongsang Sedimentary Basin
Following the Daebo orogeny a large Cretaceous basin developed in south­
eastern Korea in which a thick sequence of post-orogenic, molasse type 
sediments,intercalated with lavas and volcaniclast ic  rocks, was deposited 
and constitutes the Gyeongsang supergroup (F ig .1 .4 ) .  In the main basin 
of deposition, which extended over much of the Ryeongnam massif and south 
of the Ogcheon Fold Belt ,  10 kilometres in thickness accumulated in non­
marine, f l u v i a t i l e  and lacustr ine environments (Chang, K.H. 1974).
The strata  of the Gyeongsang supergroup are f l a t  lying or dip at low 
angles and rest with profound unconformity upon the old rocks of the
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Ryeongnam massif in the south. The thick p ile  of volcanic rocks in the 
upper part of the Cretaceous sequence consists mainly o f intermediate and 
acidic effusive rocks in which andesitic and rh y o li t ic  lavas and tu ffs  
predominate. The depositional history of the Gyeongsang supergroup can 
be divided into four igneous phases (Won, C.K. 1968): ( i )  Pre-volcanic
phase; ( i i )  Sparsely volcanic phase; ( i i i )  Climactic volcanic phase;
( iv )  Granite emplacement phase. The Gyeongsang Basin development was 
terminated in la te  Cretaceous times, when sub-volcanic magmatic masses 
rose into th e ir  volcanic cover to form g ran it ic  plutons which are the most 
important ore-bringers (Pb, Zn, Mo, Cu and W) in South Korea. In late  
Cretaceous times, southeastern Korea was involved in b lock-faulting and 
concomitant volcanic eruptions, which is the early phase of a series of 
extentional tectonics that affected South Korea and the surrounding areas 
(Chang, K.H. 1975).
1 .2 .3  Tectonic setting
Major tectonic events, as well as regional metamorphism, sea f lo or  
spreading, continental d r i f t ,  heat flow anomalies, formation of large 
scale structures, magmatism, and seism icity , are now generally accepted 
as being the resu lt of re la t iv e  motion between global plates as proposed 
by Dietz (1961), Hess (1962), Dietz & Holden (1970), Dewey & Bird (1970) 
and others.
Plate tectonics in Korea has been considered by Lee, S.M. (1974) and in 
Japan by Uyeda & Miyashiro (1974), and Sugimura & Uyeda (1973). The 
motion of plates can explain the formation of the Japanese Island system 
(Dewey & Bird 1970; Dietz & Holden 1970), the rotation o f the Japanese 
Island Arc (Larsen & Pitmann 1972), the formation of the Sea of Japan and 
the P h illipp ine  Sea (Uyeda & Miyashiro op c i t ) ,  the d is tr ib u tio n  of meta­
morphic facies in Japan and in Korea (Lee, S.M. op c i t ) ,  the d istribution  
of volcanoes and heat flow patterns (Lee, S.M. op c i t ) , and the d i s t r i ­
bution of epicentres and hypocentres along plate boundaries and associated 
features (Isacks et al 1968; Carr et al 1973).
With the approach and descent of the Kula-Pacific ridge (F ig .1 .5a ) beneath 
the Asian p la te , magmatic and tectonic a c t iv i ty  was in i t ia te d  during late  
Mesozoic or early T e rt ia ry  at the zone of in teraction of these plates 
that led to in trusion, volcanism, and the opening of the Sea of Japan.
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Seismicity along these western Pacific  trenches, and also perpendicular 
to the axis of the Japanese trench, results d irec tly  from the subduction 
tectonics in e ffec t during this episode of geologic history (Carr et al 
1973). The nearly planar, westward-dipping Kula plate boundary l ie s  on 
the east side of the Japanese Island Arc. The Pac ific  plate is moving 
westward re la t iv e  to the Asian p la te , resulting in development of a west­
ward dipping subduction zone where the Kula plate descends beneath the 
Asian plate along the eastern margin of the Japanese Island Arc. The 
effects of these plate movements are not as well documented fo r  the east 
coast of Korea as they are fo r Japan. Heat flow data and seismic re­
f lec t io n  surveys (Lee, S.M. 1974a),however, indicate possible major faults  
along the southeastern part of Korea and between Korea and the Japanese 
Islands.
A comparison of rocks of s im ilar age on e ither side of the Korea s t ra i t  
(F ig .1 .5b) and hypotheses in the l i te ra tu re  regarding the movements of 
southwest Japan re la t iv e  to Korea, suggest that Tsushima Island (F ig .1 .5b)  
has moved southward and rotated approximately eight degrees counter clock­
wise with respect to southeastern Korea (UNESCO 1971). This probably 
occurred during the formation of the Sea of Japan in the la te  Mesozoic or 
early T ertia ry  (Uyeda & Miyashiro 1974).
1.3 The granites in South Korea
1.3.1 Introduction
Granite in trusions, which sometimes broadly accompanied the orogenies in 
the Korean peninsula, are recognised to be o f early middle Precambrian, 
T riass ic , Jurassic, and m id-late Cretaceous ages (F ig .1 .2 b ).
The Precambrian granites are widely d istributed on the Gyeonggi and 
Ryeongnam massifs and are intruded into the early Precambrian metamorphic 
basement complex.
The post-Precambrian magmatism in the Korean peninsula shows a general 
la te ra l migration of the magma source from north to south along the peninsula, 
as indicated by the decreasing age of granite intrusions in that direction  
from Triassic in the north, Jurassic in the middle, to mainly Cretaceous in
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FIGURE 1.6 Map showing distribution of age of Mesozoic 
granitic batholiths in the Korean peninsula
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TABLE 1.1 Radiometric ages of Mesozoic g ran it ic  rocks from the 
Korean peninsula
(pre fix  T: Triassic; p re fix  J: Jurassic; prefix  C: Cretaceous)
No LAT LONG Granitic rock type Method Mineral Age (Ma) Ref
T. 1 40°57' 126°41’ B io tite  granite K/Ar B io tite 225 (a)
T. 2 40°13' 128°27' Granodiorite K/Ar B io tite 191 (a)
T. 3 39°05' 125°43' Syenite K/Ar B io ti te 217 (a)
T. 4 41°09' 129°05' Granodiori te K/Ar B io ti te 211 (a)
T. 5 41°06' 129°04' Granodiorite K/Ar B io tite 219 (a)
T. 6 41°04' 128°55‘ Gabbro d io r ite K/Ar B io tite 196 (a)
T. 7 40°52' 128°47' B io tite  granite K/Ar B io tite 190 (a)
T. 8 41°00' 128°40' Amphibole syenite K/Ar B io tite 222 (a)
T. 9 40°48' 128°43' B io tite  granite K/ar B io tite 213 (a)
T.IO 40°33' 129°11‘ Pegmatite K/Ar B io tite 193 (a)
J. 1 37°55' 127°13' Granite K/Ar Whole-rock 165 (b)
J. 2 37°35' 127°00' Granite Rb/Sr Whole-rock 160 (c)
J. 3 37°34' 127°00' B io tite  granite K/Ar Muscovite 171 (e)
J. 4 37°33' 126°58' Pink feldspar 
b io t ite  granite
K/Ar B io tite 164 (e)
J. 5 36°56' 127°56' B io tite  granite K/Ar B io t i te 121 (e)
J. 6 36°4T 127°31' B io t ite  granite K/Ar B io tite 163 (e)
J. 7 36°4T 127°3T B io tite  granite K/Ar B io tite 153 (e)
J. 8 36°28‘ 127°40' Schistose b io t i te  
granite
K/Ar Bioti te 166 (e)
J. 9 36°12' 127°50' B io tite  granite K/Ar B io tite 163 (e)
J.IO 35°59' 126°52' B io tite  granite K/Ar B io t i te 153 (e)
J . l l 35°37' 126°56' B io tite  granite K/Ar B io tite 158 (d)
J.12 35°58' 127°03' Schistose granite K/Ar B io t i te 158 (d)
J.13 35°50‘ 127°09' Schistose granite K/Ar B io tite 148 (e)
J.14 36°14' 127°48' B io tite  granite K/Ar B io tite 164 (e)
J.15 36°62' 128°06' B io tite  granite K/Ar B io tite 170 (e)
J.16 35°40' 127°55' Schistose granite K/Ar B io tite 166 (e)
J.17 35°38 127°47' Schistose granite K/Ar B io tite 178 (e)
J.18 35°34' 127°21' Schistose granite K/Ar Bioti te 159 (e)
J.19 37°49' 128°38' B io tite  granite K/Ar B io tite 148 (e)
J.20 37°44' 128°58‘ B io tite  granite K/Ar B io tite 156 (e)
continued
TABLE 1.1 (continued)
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No LAT LONG Granitic rock type Method Mineral Age (Ma) Ref
C. 1 37°07 128°53' D io r it ic  rock K/Af B io tite 107 (e)
C. 2 37°09 127°42' B io tite  granite K/Ar Bioti te 94 (e)
C. 3 36°56' 128°14' B io t i te  granite K/Ar B io tite 88 (e)
C. 4 36°5V 120°02 Two mica granite K/Ar B io tite 133 (e)
C. 5 36°54' 128°12' B io t ite  granite K/Ar B io ti te 89 (d)
C. 6 36°5T 128°05' B io t ite  granite K/Ar B io tite 88 (e)
C. 7 36°52' 128°07' B io t ite  granite K/Ar B io tite 88 (e)
C. 8 35°48' 128°02' B io t ite  granite K/Ar Bioti te 90 (e)
C. 9 36°48' 128°03' B io tite  granite K/Ar B io tite 89 (e)
C.IO 35°18' 128°24' Hornbl ende 
b io t ite  granite
K/Ar B io tite 88 (e)
C .l l 35°20' 128°34' Hornblende 
b io t i te  granite
K/Ar B io ti te 85 (e)
C.12 35°18' 128°34' B io t ite  granite K/Ar B io tite 85 (e)
C.13 35°10' 128°33' B io t ite  granite K/Ar B io tite 84 (d)
C.14 35°08' 129°01' B io t i te  granite K/Ar B io tite 75 (d)
C.15 36°16' 128°38' Hornblende granite Rb/Sr Whole-rock 99 (e)
Reference index for radiometric ages on g ran it ic  rocks:
(a) Seo, H.G. & Choo, S.H. (1972): Geology and ore deposit, 14, 31-43,
Geological Survey of Korea. (Specimens provided by Geological 
Survey of America.)
(b) Ueda, N. (1969): MSc thesis , Tokyo University (Japan), unpublished,
(c) Park, B.K. (1972)
(d) Choo, S.H. (1971)
(e) Kim, O.J. (1971a)
Geol.soc.Korea.J., 8, No.3, 156-162. 
Geology and ore deposit, 14, 45-59.
J.Korea.Inst.Mining Geology, 4, N o .l ,  1-9.
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the south ( F ig .1.6 and Table 1 .1 ) .  The la te ra l migration of the age of 
granites (southward-younging g ran it ic  a c t iv ity )  in the Korean peninsula 
may be related to plate tectonics, such as a north-south re treat with 
time of a subduction system ( S i l l i t o e ,  R.H. 1977). Whereas the Triassic  
granites are mainly d istributed in North Korea, the Jurassic and the 
Cretaceous granites are exposed over an area of a quarter of the South 
Korea te r r i to r y .  The Jurassic g ran it ic  rocks occur as batholiths ex­
posed in long belts along the tectonic lines in the northeast direction  
within the area (the Ogcheon Fold Belt) between the Precambrian Gyeonggi 
massif and Ryeongnam massif in the middle part of the Korean peninsula.
The Cretaceous g ra n it ic  bodies were intruded mostly along the weak zones, 
as batholiths and mainly smaller scattered plutons in oval or e l l ip t ic a l  
shape in the Mesozoic Gyeongsang sedimentary Basin to the south.
The Jurassic and Cretaceous g ran it ic  rocks can be d if fe re n tia ted  from 
each other by shape of g ra n it ic  body, occurrence, texture mineralogy, 
geochemistry and ore m ineralisation. A general summary of the character­
is t ic s  of granites in South Korea is  presented in Table 1.2.
The shape of emplacement of the Jurassic and the Cretaceous gran it ic  rocks 
has been studied by Kevin (1960), Lee, S.M. (1972, 1974b) and Won et al
(1978). The general contrasting characteristics of the Jurassic and Cre­
taceous granites , such as th e ir  form, structure, tex ture , mineral compo­
s it io n ,  isotopic composition and ore m ineralisation , are b r ie f ly  reported 
by J in , M.S. (1980). In general, ore m ineralisation is related mostly 
to the intrusion of the Cretaceous granites, not to the Jurassic granites.
The absence of the m eta llic  ore deposits in the Jurassic granites may be 
due to the fact that the granites were deeply eroded following la te  
Jurassic and early Cretaceous u p l i f t  of the Ogcheon Fold Belt into which 
they have intruded. An a lte rnative  explanation fo r the ore mineralisation  
in the Jurassic and Cretaceous granites could be that they were derived 
from a d if fe re n t  source material and environment.
1.3 .2  The Jurassic granites
The Jurassic g ra n it ic  rocks occur as large batholiths extending from the 
northeastern coast to southwestern South Korea with a maximum width of 
50km (F ig .1 .6 ) .  They are ubiquitously cut by tectonic lines which strike
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northeast -  the so-called Si ni an d irection . Some of the g ran it ic  bodies 
are s tru c tu ra lly  concordant with and apparently grade into the gneisses 
and schists of the Precambrian massifs. The granites show strong gneis- 
sosity and schistosity in the southwest of the Ogcheon g ra n it ic  batho- 
l i t h .  However, most of the granites are s tru c tu ra lly  discordant to the 
host rocks, do not display gneissosity, schistosity and have ch illed  
margins (Kim, S.J. 1966). Quartz-feldspar-muscovite, pegmatitic veins, 
and quartz veins are commonly developed in the g ran it ic  bodies. Basic 
segregations and schlieren, and xenoliths and sk ia lith s  of metasedimentary 
and volcanic rocks are abundant in the Jurassic granites, predominantly 
in the Ogcheon Fold Belt. Volcanic rocks have not been recognised in 
the surrounding areas around the Jurassic granites.
The Jurassic granites are mostly coarse-grained (3-5mms) and do not vary 
s ig n if ic a n t ly  in grain size in most masses. All the quartz grains of 
the g ra n it ic  rocks can be easily  id en tif ie d  ind iv idua lly  with the naked 
eye owing to the coarse size and subhedral shape of the grains. They 
appear to be po lycrysta lline  in th in  sections; primary graphic texture  
is scarcely id e n t if ie d  under microscope (Lee, O.S. 1971). Some secondary 
texture of replacement o r ig in , such as myrmekite, is also present. Bio­
t i t e  grains in the Ogcheon gran it ic  batholith are occasionally l i t t l e  
distorted.
Pétrographie data from Lee, O.S. (op c i t ) are plotted to compare the 
amounts of quartz, potassic feldspar, plagioclase and mafics fo r a com­
parison of the Jurassic and Cretaceous granites in the Ogcheon Fold Belt 
(F ig .1 .7 a ) .  Recently, J in , M.S. (1980) compiled the pétrographie results  
from Lee, O.S. (op c i t ) ,  Chang, T.W. (1973) and Won et al (1978), and 
plotted an orthoclase-perthite-m icrocline tr iangu lar diagram (F ig .1 .7b)  
which shows that microclines are greatly abundant in the Jurassic granites, 
w hilst perth ite  and orthoclase predominate in the Cretaceous granites.
The abundance of microcline in the Jurassic granites, indicate that they 
may have crys ta ll ised  slowly at a low temperature.
There is a sharp contrast between the Jurassic and the Cretaceous gran itic  
rocks in mineral components. B io t ite  is the predominant mafic mineral
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microcline for the Jurassic and Cretaceous 
granites in S. Korea (modified from Jin 1980).
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in the Jurassic, whereas i t  is hornblende in the Cretaceous granites. 
Muscovite occurs in the two-mica granites of the Jurassic age, although 
the Cretaceous g ran it ic  rocks are free  from muscovite. Accessory 
minerals, such as garnet and zircon, are said to be common in the Jurassic 
granite (J in , M.S. op c i t ) ,  although garnet has not been observed in the 
present study. Rb/Sr isotopic studies fo r  the Jurassic gran itic  rocks 
were carried out by Park, B.K. (1972), Hurley et al (1973), Choo et al
(1979), and Kim, D.H. & Wendt, (perscomm 1980). Their results show 
the ^^Sr/^^Sr in i t i a l  values fo r  the Jurassic g ran it ic  rocks range from 
0.7104 to 0.7168, which suggests that the magmas were contaminated by 
older crustal rocks or derived at leas t partly  from anatexis of contin­
ental crust. Au, Ag, Cu, Pb and Mo mineralisations are associated with 
quartz veins most commonly in the Jurassic g ra n it ic  rocks. Such m inerali­
sations do not show abundant wall-rock a lternation (Kim, O.J. 1971b and 
Lee, S.M. 1972, 1974b). According to J in , M.S. (1980), the Jurassic 
granites in South Korea show the characteristics of both syntectonic and 
la te  tectonic granite in the f ie ld  and in th in  sections, and are considered 
to be c lass ified  into "S-type" (Chappell & White 1974), " llmenite series" 
(Ishihara 1977), and "Hercyno-type" (P itcher, W.S. 1979).
1.3.3 The Cretaceous granites
The Cretaceous g ra n it ic  rocks occur as batholiths or small scattered oval 
or irreg u la r  plutonic bodies generally in the Gyeongsang sedimentary 
Basin (F ig .1 .6 ) .  In general, the Cretaceous granites form low topography 
because of fast weathering caused prim arily  by th e ir  v e rt ica l jo in ts .
Each body is surrounded by a narrow contact metamorphic zone of hornfels, 
less than 2km wide. The contacts between the plutons and the sedimentary 
strata  are tec to n ica lly  disturbed and occasionally steeply dipping outward 
ra d ia lly .  Lineation of rock forming minerals is not shown, but a p l i t ic  
dykes, basic dykes, and quartz veins are common. The contact zones show 
a large number of xenoliths of volcanic and sedimentary rocks which have 
been almost assimilated by the g ra n it ic  magma. P a r t ic u la r ly ,  needle-like  
hornblende-bearing xenoliths derived from volcanic rocks have been com­
monly observed in the area of border zone between the Cretaceous gran it ic  
rocks and the Cretaceous volcanic rocks (Lee, Y.J. 1980). The Cretaceous 
gran it ic  plutons, especially in the small bodies, show conspicuous zona­
t io n ,  such as the order of d iorite-granodiorite-adam el1i t e ,  with variation
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in grain s ize , texture , and mineralogy and chemical compositions (J in , M.S. 
1976).
Most o f the Cretaceous g ra n it ic  rocks are associated with contemporaneous 
volcanic rocks, fo r  instance, andesite-dacite-rhyodacite-rhyolite  (Won, C.K. 
1968). The Cretaceous g ran it ic  rocks are almost porphyritic in tex­
tu re , or occasionally uneven in grain size ranging from fine to medium, 
inward from the contacts, p a r t ic u la r ly  in small plutons. Most quartz 
grains in the g ra n it ic  rocks are small and i n t e r s t i t i a l .  A lkali feldspar 
in typical rapakivi texture has been reported to be crysta ll ised  in un­
stable environment, or by rapid cooling (Kim, S.W. 1976). Primary 
graphic textures are thought to re f le c t  (Kim, S.W. op c i t ) cotectic cry­
s ta l l is a t io n  and can be easily  recognised under microscope. M ia ro l i t ic  
texture can be frequently observed in the central part of some Cretaceous 
plutons (J in , M.S. 1980). This texture is considered to imply epicrustal 
emplacement and to denote the presence of abundant v o la t i le  components in 
the magma (Buddington 1959). As shown in F ig .1 .7b , the Cretaceous 
granites are abundant in p erth ite  which is considered (J in , M.S. op c i t ) 
to have been s o l id i f ie d  rapidly at high temperature. Magnetite, tour­
maline and su lfide  minerals are abundant in the Cretaceous granites.
Rb/Sr isotope studies fo r  the Cretaceous granites were reported by Choo 
et al (1979), J in , M.S. & Choo, S.H. (1980) and Kim & Wendt (pers comm 
1980). The ^^Sr/^^Sr i n i t i a l  ratios fo r  the Cretaceous g ran it ic  rocks 
range from 0.704 to 0.707, which denotes that the magmas were essentia lly  
derived from the mantle, or contaminated in only small amounts by old 
crustal materials.
Many of the epigenetic ore deposits in South Korea are associated with 
plutons of the Cretaceous age. M eta llic  m ineralisation of a low-grade 
porphyry, copper, lead, z inc, molybdenum, tungsten, and some noin-metallic 
m ineralisation, such as kao lin isation , pyroph y llit isa tion , are nearly 
always associated with r e la t iv e ly  intensive wall-rock a lte ra t io n  most 
commonly in the Cretaceous g ra n it ic  rocks. This metallogenetic pattern 
was generated by Cretaceous ca lc -a lka line  magmatism which, by analogy 
with central Andean metaTlogeny, occurred above a shallow, northward- 
dipping subduction zone ( S i l l i t o e ,  R.H. 1977).
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The Cretaceous granites in South Korea show the characteristics of both 
la te -tec to n ic  and post-tectonic granites in f ie ld  and pétrographie study 
(J in , M.S. 1980), and are assumed to be c lass if ied  into "I-type"
(Chappel & White 1974), "Magnetite series" (Ishihara 1977), and "Andino- 
type" (Pitcher 1979).
1 .3 .4  Precambrian granites
I t  is assumed by Na, K.C. & Lee, D.J. (1973) that Precambrian granites in 
South Korea are widely distributed on the Gyeonggi and Ryeongnam massifs 
where they intruded the Precambrian metamorphic basement complex. Radio- 
metric age determination on the Precambrian granites have not been done 
previously except fo r  the Precambrian Hongjesa granite (Kim, D.H. et al 
1978), which is found in the northeastern part of the Ryeongnam massif 
(Fig. 1 .6 ) .  A Rb/Sr whole-rock isochron fo r  the Hongjesa granite has 
given an age of 1,714 -  28 Ma, with 0.7228 as i n i t i a l  ^^Sr/^^Sr ra tio  
(Kim, D.H. et al 1978). Precambrian granites are generally characterised 
by dark grey or blue coloured coarse K-feldspars, subordinate l ig h t  
coloured plagioclase, quartz, minor b io t i te  and muscovite with or without 
gneissic texture. Secondary and accessory minerals are s e r ic i te ,  chlo­
r i t e ,  a p a tite , z ircon, pyroxene, c a lc ite ,  and iron-oxides. Coarse­
grained granular and hypidimorphic textures are characteris tic . In some 
areas, especially in the contact zone with Precambrian metasedimentary 
rocks, the Precambrian granite shows a fo l ia te d  structure and grades into  
in jection gneiss.
The modes of the Precambrian Hongjesa granite were plotted on a quartz- 
K-feldspar-plagioclase-mafics tr iangu lar diagram (F ig .1 .7a ) by Na, K.C. & 
Lee, D.J. (1973). This shows that the Precambrian granite is d if fe ren t  
from the Mesozoic granites in terms of mineralogical components. The 
Precambrian granite is recognised by Na, K.C. & Lee, D.J. (op c i t ) as 
autochthonous and formed by anatectic melting at a re la t iv e  low tempera­
ture with higher water content. For evidence they c ited the trans itional  
(gradual) change between the granite and the metasedimentary rocks shown 
by the quartz-a lb ite-orthoclase norm diagram.
1.4 Aim and scope, o f the present research
The aim of this work is to show the nature and orig in  of selected Jurassic 
and Cretaceous granites. This is done by a study of th e ir  petrology and
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geochemistry in the context of the geotectonic evolution of the Korean 
peninsula as an ancient continental margin un til 64 m ill ion  years ago, 
before the opening of the Sea of Japan ( S i l l i to e  1977).
L i t t l e  or nothing in the way of systematic analytical work has so fa r  
been carried out on the Mesozoic g ran it ic  rocks in S. Korea. However, 
g ra n it ic  rocks are generally considered most important fo r  an understand­
ing of the tectonic evolution of an area aimed at providing a detailed  
petrological and geochemical knowledge of these rocks that would prove 
useful in studies of the crustal and tectonic evolution of the western 
part o f the Pacific  Ocean, including Japan and China.
The aims of this work are th ree -fo ld  and can be summarised as follows:
(a) to d if fe re n t ia te  petro log ica lly  and geochemically between the 
Jurassic and Cretaceous g ra n it ic  rocks;
(b) to propose ultimate origins and conditions of formation of the Meso­
zoic g ran it ic  rocks on the basis of the available f ie ld  and petro­
chemical evidence (petrography, major, trace, rare-earth elements 
and mineral chemistry);
(c) to suggest a possible tectonic evolution model fo r  this continental 
marginal setting.
1.5 Field work and sample collection
The main way of selecting g ra n it ic  bodies fo r  this study was from north­
west to southeast traverses along the Korean peninsula (the younging 
direction of g ran ites ), which is across the general geotectonic trend of 
Korean (Sinian d ire c t io n ) ,  and especially  considering the previously 
hadiometrically dated granites.
The studied area JS-JA, in the approximate area of Fig. 1.8 -  the Jurassic 
Seoul-Anyang granites; s im ila r ly ,  area JN-JD for the Jurassic Nonsan- 
Daejeon g ran it ic  rocks; area CP fo r  the Cretaceous Palgonsan granite; 
area CE-CY for the Cretaceous Eonyang-Yoocheon granites. The nomencla­
ture of the granites is  adopted, based upon place names which are mainly 
of local v illages in preference to those established by previous workers 
(see appropriate chapter through the te x t ) .  The detailed local f ie ld  
geology and the sampled locations are discussed in each chapter.
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The f ie ld  work fo r th is  study was carried out from October 1979 to April 
1980 with help of the Korea In s t i tu te  of Energy and Resources (formerly 
the Geological Survey of Korea).
The f ie ld  supervision of Dr P.M. Banham was undertaken during about two 
weeks in March 1980. In the f ie ld ,  much attention was given to the con­
tac t area, xenoliths and fo l ia t io n s  in each of the plutons. The ex­
posures o f the studied areas are very good and quite easily  accessible.
In co llecting samples in the f ie ld ,  the freshest possible specimens were 
taken for fu rther study, in most cases a sledge hammer and chisels were 
s u ff ic ie n t  to obtain reasonably sized, fresh specimens which normally 
weighed about 10kg each.
The regular grid sampli^ng plans devised had to be modified to f i t  re a l i ty ;  
freshness requiremeni^Wiat the rock samples have to meet brought changes 
to the pattern. In general, there are numerous quarries and rock 
trenches where fresh rock specimens are easily  collected, but in some 
places weatheriTigis extensive and deep enough to prevent a systematic 
sampling scheme.
The sledge hammer was a t times in e ffe c t iv e ,  and though a d r i l l  became 
available i ts  use had to be very lim ited due to the high cost of operation. 
The sampling s ite  locations have been plotted in each appropriate chapter 
through the te x t .  A to ta l of 152 samples (140 hammered and 12 d r i l le d )  
was collected from four d if fe re n t  areas for petrological and geochemical 
purposes. 92 representative samples were analysed fo r  geochemical studies
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C H A P T E R  2
THE JURASSIC SEOUL-ANYANG GRANITES (JS-JA)
2.1 Introduction
The Seoul-Anyang g ra n it ic  batholith is exposed over an area of approxi­
mately 1,500 square kilometres (100km x 15km) in the northern part of the 
Gyeonggi massif (F ig .1.8 and F ig .2 .1 ) .
The batholith intruded a Precambrian basement and has a N30°E trend- 
Sinian direction (Plate 2 .1 ) .  The studied Seoul-Anyang granites area, 
which included the g ra n it ic  rocks d istributed around Seoul and Anyang 
c it ie s  and covers about 120 square kilometres, is located at the south­
western marginal part of the Seoul-Anyang g ra n it ic  batholith (F ig .2 .1 ) .
The accompanying sample location map (F ig .2 .2) shows the local geology 
surrounding the sampled section of the Seoul-Anyang granites. The Seoul- 
Anyang g ra n it ic  batholith area is geologically mapped at a 1:250,000 scale 
by the Geological and Mineral In s t i tu te  of Korea (1973). The general 
geology of the Seoul granite area was previously mapped (1:100,000) and 
described by Kim, D.Y. (1964). The detailed geology of the Anyang 
granite area was mapped in 1:50,000 scale by Kim, N.J. & Hortg, S.H. (1975), 
Pétrographie work on the Seoul granite has been reviewed by Kim, S.J.
(1965; 1966).
The Precambrian basement rocks, which mainly consist of para-gneisses and 
schists, around the Seoul-Anyang granites was radiom etrically  studied by 
Na, K.C. & Lee, D.J. (1973). They have obtained Rb/Sr whole-rock age of 
2,666 - 40 Ma with an in i t i a l  ^^Sr/^^Sr ratio  of 0.705. Park, B.K.
(1972) dated the Seoul granite by Rb/Sr whole-rock method which gave 
160 - 10 Ma with an in i t i a l  ^^Sr/^^Sr value of 0.712 and suggests that 
the magma was probably contaminated by upper crust or was produced, at 
lea s t, in part by anatexis.
The radiometric age of the Anyang granite has not been determined but, 
according to stratigraphie  studies, i t  is of Jurassic age (Kim, N.J. &
Hong, S.H. op c i t ) .  The Seoul-Anyang granites intruded the Precambrian 
basement rocks of the Gyeonggi massif during the Daebo orogeny (see 
Fi9. 1 .2 ) .
GYEONGGI MASSIF 
OGCHEON FOLD BELT
20  40  80  80  lOO Km
S t u d i e d  a r e a  
( f )  S E O U L - A N Y A N G  G R A N I T I C
b a t h o l i t h
FIGURE 2.1 The general geology o f  the 
v ic in i ty  around Seoul-Anyang 
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2.2 Field relations
The geology of the Precambrian basement rocks in the studied area has 
been described by Na, K.C. (1978). The Precambrian rocks in the area 
mainly consist of para-gneisses (gran itic  gneiss and banded gneiss) and 
intercalated schists that show a main fo l ia t io n  of N 15°-50° E strike  
and 40^-60° SE dip directions. A South-pole diagram of 1,370 main f o l i ­
ations for the Precambrian rocks in the studied area is presented in 
Fig .2 .3a (Na, K.C. o p -c it ) .
The para-gneisses are exposed most widely in the studied area, whilst the 
distribution of schists is limited in the northern part of the area.
The para-gneisses are gradational to schists and are composed of quartz 
(15-30%), plagioclase (10-30%), a lka li feldspar (5-20%), and b io tite  
(5-20%) as the main minerals. The accessory minerals are garnet, horn­
blende, pyroxene, epidote, cordierite  and s ill im an ite  (Na, K.C. op c i t ). 
The schists consist of quartz (20-45%), plagioclase (10-20%), orthoclase 
(5-25%), muscovite (5-25%), s ill im an ite  (5-60%), b io t ite  (15-30%), 
almandine and graphite. Muscovite and orthoclase are strongly deformed. 
Na, K.C. (op c i t ) assigned these Precambrian rocks to the amphibolite 
facies. Reedman, A.J. & Urn, S.H. (1975) concluded that the tectonic 
evolution of the Gyeonggi massif shows the polyphase nature of deforma­
tion and indicated that only a f in a l phase of deformation occurred during 
the Daebo orogeny.
The contact between the Seoul-Anyang granitic  bodiles and the Precambrian 
basement is sharp and no major metasomatic effects are observed in the 
country rocks. The Seoul granite is largely homogeneous in texture and 
mineral composition over the whole mass. The granite is usually coarse­
grained with a s light reddish potash feldspar, milky white plagioclase, 
light-grey subrounded equigranular quartz and some b io t ite .  The randomly 
oriented porphyritic potash feldspar phenocrysts attain  a length of up to 
7mm with an average of 4mm (Plate 2 .2 ). The degree of reddishness of 
potash feldspar is a l i t t l e  variable with the location. The abundance 
of b io t ite  is generally variable in content from NE (10%) to SW(3.9%) 
throughout the studied area.
The Anyang granite is very similar to the Seoul granite in texture and 
mineral composition except that i t  is more leucocratic; b io tite  is scarce
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PLATE 2.1 The general view of the Seoul granite which trends 
approximately N30°E (Sinian direction). This 
photograph was taken from the sample location JS.ll 
towards northern direction.
PLATE 2.2 A typical hand specimen (JS .ll)  of the Seoul 
granites shows the grain sizes and mineral 
components.
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(<0.3%). The principal direction of jo ints  developed in the Seoul-Anyang 
granites was found by 300 measurements, which shows a major set of jo in t  
planes aligned N75°-80°E (F ig .2 .3b). The jo in t  directions were taken 
from fresh outcrops, and measured exceeded 15m in length and excluded 
the exfoliation planes (Plate 2 .3 ). Any distinguishable xenoliths and 
pegmatites have , been observed a ll  over the granite masses. Two 
phases of a p lites , which are at r ight angles to each other, occur in the 
marginal part of the pluton (Plate 2.4).
2.3 Petrography
(a) Quartz
Quartz (about 30% in volume - see Table 2.1) in the Seoul-Anyang granite 
shows l i t t l e  variation in grain size. I t  is mostly found in subhedral 
grains up to 7mm in length, with an average of 4mm. Quartz crystals are 
seen with many perpendicular fractures which suggest that the Seoul- 
Anyang granite has been strained at some stage a fter  consolidation of 
magma (Plate 2 .5 ) .  Quartz grains in the Seoul-Anyang granite are classi­
fied into three groups by their occurrences: aggregate, in t e r s t i t ia l ,
and myrmekitic quartz. Each consists of many small quartz grains. Some 
grains in the aggregates have undulose extinction, are interlocked or 
intergrown with each other, and have d ifferent optical orientations. 
In te rs t i t ia l  quartz is observed in some sections, to f i l l  interstices  
between feldspars and other quartz grains. I t  shows undulatory extinction  
and graphic texture of grain bouridaries (Plate 2 .6 ). Myrmekitic quartz 
is rarely observed in the studied area; i t  occurs in potash feldspar and 
also in plagioclase. Individuals of myrmekitic quartz grains are usually 
very fine-grained, and are generally aligned in subparallel or grass-like  
patterns.
(b) A lkali-fe ldspar
The grain size of a lka li feldspar (about 35% in volume - see Table 2.1) is 
up to 9mm in length with an average of 3mm. Perth itic  textures are abun­
dant throughout the studied area. Perthites in the Seoul-Anyang granites 
are grouped mainly into string, vein and patch type, but the former is 
dominant (Plate 2 .7 ) .  All the string a lb ite  blebs in an a lka li feldspar 
grain show the same optical orientation. In some cases, a lka li feldspar 
embays plagioclase or penetrates into i t .  Along the margin of a lka li  
feldspar in contact with plagioclase, there are some concave or convex
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PLATE 2.3 Exfoliation is seen in many places around the 
Seoul-Anyang granite as a typical weathering 
feature.
PLATE 2.4 Two phases of aplite in Seoul-Anyang granite.
The early horizontal direction of aplite is cut by 
a later vertical one (JS.12).
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0 5 %
FIGURE 2.3a South-pole diagram of the main fo liations for the 
Precambrian basement (a f te r  Na 1978).
■
>4%
3 - 4 %
2 - 3
1 - 2 %
0 - 1 %
FIGURE 2.3b South-pole diagram of the principal directions 
of jo ints  in the Seoul-Anyang granites.
3 9
PLATE 2.5 Photomicrograph showing quartz crystals with many
perpendicular fractures (JS.2). Crossed polarisers 
Length of photograph 1mm.
PLATE 2.6 Undulatory extinction of quartz crystals (JA.16) 
Crossed polarisers. Length of photograph 3.i5mm.
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contacts with myrmekite. Mi croc!i ne, showing cross-hatched twinning, is 
observed in some places.
(c) Plagioclase
Plagioclase (about 30% in volume - see Table 2.1) in the Seoul-Anyang 
granites occurs in two varieties: subhedral oligoclase (An 12-16) which
is identified  by Michel-Levy method, and anhedral perth itic  and myrmekitic 
alb ite . The sizes of plagioclase crystals are up to 2.5mm with an average 
of 1.5mm in length. The contacts between grains of the two plagioclase 
types are irregu lar, somewhat interlocked, but the contacts are sharp and 
do not show any replacement. In some cases, p o ik i l i t ic  plagioclase 
encloses irregular small b io tite  flakes. Plagioclase shows irregular  
contacts with a lka li-fe ldspar and convex contact toward quartz. Some of 
the subhedral plagioclase grains show distinct oscillatory zoning. 
Plagioclase is often marked by a pattern of small blocks (chessboard 
structure) with edges oriented with or across the a lb ite  lamellae. The 
blocks are generally rectangular, but more or less irregular in shape. 
Twinning is well developed in nearly a ll  plagioclase grains. Polysyn­
thetic twinning by the a lb ite  law is the most abundant, but peri d in e  and 
albite-carlsbad twin are also seen. In some crystals, both zoning and 
twinning a re ftoqether/Sev^eTopedl Some crystals show one half which is 
zoned, and the other half which is apparently unzoned (Plate 2 .8 ).
(d) B iotite
Biotite  (about 3-4% in volume -see Table 2.1) tends to be in elongated 
tabular form with rather ragged terminations (Plate 2 .9 ). The crystals 
of b io tite  vary in size from 0.5mm up to 2mm with average length of 1mm. 
P o ik i l i t ic  b iotites are observed in many places with inclusions of 
numerous zircon pleochroic haloes, small prismatic apatite laths (0.1mm 
in length) and ilmenite (Plate 2.10). The b io t ite  grains are randomly 
oriented, and are often included in feldspars. A few b io tite  crystals 
are p a r t ia l ly  altered to chlorite . Muscovite flakes are observed as an 
alteration product of plagioclase.
2.4 Modal analysis
The volume percentage of actual mineral present in each specimen from the 
Jurassic Seoul-Anyang granites was point-counted from etched and stained 
thin sections. A total of 15 representative samples were analysed and 
the details  of results are given in Table 2.1. Only alkali-feldspars
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PLATE 2.7 String type of perthites (JS.8). Crossed 
polarisers. Length of photograph 3.5mm.
PLATE 2.8 Polysynthetic twinning and oscillatory zoning of
plagioclase (JS.7). Crossed polarisers. Length of 
photograph 3.5mm.
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PLATE 2.9 Elongated tabular form with rather ragged terminations 
of b iotite  (JS.9). Crossed polarisers. Length of 
photograph Imm.
i s
PLATE 2.10 P o ik i l i t ic  b io tite  with inclusions of zircons,
prismatic apatite laths and ilmenites (see Plate 2.9) 
from JS.8. Crossed polarisers. Length of photograph 
1mm.
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were stained using the sodium cobaltin itra te  method of Bailey & Stevens 
(1960). Using a Swift automatic point counter (Model E), la teral stage 
interval of 0.3mm and vertical of 0.5mm were set for counting at equally 
spaced points. All samples were counted for more than 1,800 points and
most for 2,000 points. The detailed methods of staining and varying
counts for the samples are given in Appendix 1 .5 , The common micro­
scopic method was regarded by many petrologists as inaccurate because of
grain size d i f f ic u lt ie s  and lack of homogeneity (Barrat & Parslow 1966).
To overcome the disadvantage of microscopic methods compared to a mega­
scopic method using rock slabs, 4cm x 2cm large thin sections were made 
for modal analysis and counted for the whole area of the thin sections. 
F ig .2.4 i l lu s tra tes  compositions on a quartz-alkali feldspar-plagioclase 
diagram for c lassification purposes. All Seoul-Anyang granites plot in 
the monzogranite region according to Streckeisen's classification  
(Streckeisen 1976).
2.5 Mineral paragenesis
The pétrographie relationship between minerals has been studied and 
attempts have been made to understand the crysta ll isation  history of the 
Seoul-Anyang granites. Pétrographie observation of paragenetic re la tion­
ships suggests the order of crystal 1istion given in F ig .2.5.
Time
Primary (magmatic)
Zircon ---------------
Iron-oxides ---------------
Apatite ---------------
B iotite
Plagioclase (An 12-16)
A lkali-fe ldspar
Quartz
Secondary (la te /post magmatic
Albite (perthite)   >
Chlorite  ^
Seri ci te   ^
FIGURE 2.5 Paragenetic relationship of the Seoul-Anyang granites
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Zircon is the accessory mineral in acid intrusives which has probably 
received the most attention. Several workers have suggested that de­
ta iled  studies of the shapes, sizes and distributions of this mineral in 
a pluton or batholith can y ie ld  information regarding its  contamination 
and metasomatism. In the Seoul-Anyang granites, the zircons are rounded 
and corroded (Plate 2 .11), and Huang (1958) suggests that such zircons 
could be the result of assimilation of country rocks containing clastic  
zircons. However, Vakhrushev (1956) believes that such shapes are due 
entire ly  to magmatic resorption and metasomatism. The zircons in the 
studied area are small size and noticeable particularly  by their pleo­
chroic haloes when included in b io t ite . The shapes of some of the z i r ­
cons suggest that the ir  history has not been simple, and may indicate 
that they are derived from country rock, and/or have suffered metasoma­
tism. Ilmenite occurs as discrete grains up to 0.4mm across as an 
early accessory mineral. A patite ,is  found commonly in the Seoul-Anyang 
granites whibh appear to have been contaminated. The accessory minerals 
appear to be early in the sequence of crysta llisation. B iotite  is com­
mon throughout the studied area except the Anyang granite. Biotites 
have been analysed by microprobe-analyser and are iron rich (see Section 
2 .7 .4 ) .  The main compositional feature of plagioclase is the nature of 
i ts  zoning which is from An 16 to An 12. However, this general zonation 
is complicated by a finer oscilla tory zoning which overall displays a 
tendency to become progressively more sodic outward. Polysynthetic 
twinning by the a lb ite  law is the most abundant in the Seoul-Anyang 
granites; i t  is considered to be characteristic of rapid growth of mag­
matic rocks (Vance 1962).
As the main phenocrysts in the studied area, a lka li-fe ldspar assumes an 
important part in any petrogenetic interpretation. The origin of per­
thites was discussed by Tuttle & Bowen (1958), who described the solid 
solution series of the various feldspars. Cooling of the orthoclase 
and microcline - a lb ite  solid solutions result in the unmixing of the 
components which led the authors to believe that the original mixture 
was, in fa c t, metastable. Unmixing of this kind takes place around 
400°C, well below the granite solidus.
Perthite is common in the Seoul-Anyang granites, and the fact that some 
microclines are also observed may indicate that the water fugacity was 
f a i r ly  low at this late  stage and under low temperature conditions
(Tuttle  & Bowen op c i t ).
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PLATE 2.11 Rounded and corroded zircons as inclusions in 
biotite  crystals (JS.8). Crossed polarisers. 
Length of photomicrograph 1mm.
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The myrmekitic intergrowths of quartz and plagioclase generally occupy 
a s ite  between plagioclase crystals and perthite. Hubbard (1966) 
suggested that the origin of myrmekites from charnokites from SW Nigeria 
is a process of exsolution parallel to and contemporaneous with p e r th it i -  
sation. Quartz was the last mineral to crystallise under the normal
magmatic conditions, but intergrowth of quartz and plagioclase may be the
result of exsolution of these two minerals from alka li-fe ldspar or by the 
recrystallisation of the two minerals together during deformation of the 
rock. Quartz shows undulatory extinction and fractures due to deforma­
tion a f te r  consolidation of the magma.
Some evidence of replacement phenomena is seen, such as replacement of 
a lka li- fe ld sp ar by a lb ite ,  and of early plagioclase to form seric ite .  
Overall, pétrographie study of the Seoul-Anyang granites indicates that 
these granites crystallised under fluctuating, unstable magmatic con­
ditions which are clearly shown in oscillatory zoning of some plagio- 
clases, myrmekite, and undulose extinction of quartz crystals.
For a consideration of the results from f ie ld  and pétrographie studies in
the Seoul and Anyang granites, the following local conclusions are:
1. The Seoul and Anyang granites are very similar in texture and mineral
compositon, except the la t te r  is more leucocratic;
2. The principal direction of jo ints in the granites is aligned N75°-
80°, which is parallel to the elongation direction of the Seoul-
gran itic  batholith (see F ig .2 .2 );
3. All the granites plot in the monzogranite region (Streckeisen 1976);
4. The pétrographie work indicates that the granites crystallised under
unstable magmatic conditions (oscillatory zoning of plagioclase) and 
la te r  recrystallised after the consolidation of the magma (myrmekite);
5. Late K-feldspar mobilisation with marked reddening of Seoul-Anyang
granites is common (e.g. Shap granite in England). This is thought
to have resulted from the effects of the water-rock interaction (meta­
somatism).
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2.6 Whole rock geochemistry
2.6.1 General statements
The whole rock geochemistry study is based upon the analysis of 15 re­
presentative rocks. The lo ca lit ies  of the analysed samples are shown in 
F ig .2.2 Bulk rock major oxide elements were analysed by X-ray f lu or­
escence spectrometry (XRF) method on fused glass discs using a Philips 
PW 1400 XRF in the Department of Geology, Bedford College. FeO was 
measured by the wet analysis using the method of Wilson (1955), and 
FegOg was obtained by XRF determined total iron - (FeO x 1.1113). Trace 
elements Cr, V, Ni, Sr, Y, Zr, Rb, Th and Nb were also determined by XRF 
analysis on pressed powder pellets. H f, Ta, U and the concentrations of 
Rare-Earth Elements (REE); Ce, Nd, Sm, Eu, Gd, Tb, Tm, Yb and Lu were 
obtained by instrumental neutron activation analysis (Gordon et al 1968) 
using a Ge (L i)  low energy photon detector. A standard rock sample (BCR 
or NIM-G) and a radiation monitor standard (A i lsa Craig granite supplied 
by the Open University) were used as standards for evaluation of the ac­
curacy of the determination. Details of sample preparation, analytical 
method, th e ir  accuracy and precision are discussed in Appendix I , 1-1.3.
No published previous works are available on the whole rock geochemistry 
of the Seoul-Anyang granites.
2.6.2 Major element chemistry
(a) Introduction
Fifteen granite specimens chosen to reflect the maximum range of compo­
s itional variation encountered in the studied area were analysed for 11 
major oxide elements. The results, together with CIPW norms are pre­
sented in Table 2.2. Arithmetical mean and sample standard deviation of 
major element and average CIPW norms are given in Table 2.3. Niggli 
values are lis ted  in Appendix I I .  1. The variations in chemical compo­
sitions can be demonstrated clearly in Marker diagrams (F ig .2 .6a). These 
plots also i l lu s tra te  that there are distinctions in the chemical comp- 
sitions from the Seoul-Anyang granites. Besides employing the conven­
tional SiOp variation diagram of Marker (1909), two other parameters of 
variation were also used, namely, the Larsen Index (Larsen 1948), and the 
Differentia tion Index (Thornton & Tuttle 1960). The Larsen Index 
( V 3 SiOg + KgO)- (FeO + MgO + CaO) is considered to provide a more satis­
factory correlation between chemistry and magmatic evolution than the
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JS.l JS.2 JS.3 JS.5 JS.7 JS.8 JS.9
SiOg 75.65 76.06 73.28 74.11 75.46 74.90 74.71
TiOg 0.10 0.13 0.17 0.06 0.17 0.16 0.19
AlgOs 12.91 12.68 12.86 13.34 13.80 13.33 13.86
0.73 0.79 1.29 1.23 0.75 0.83 0.79
FeO 1.65 1.42 2.21 1.46 1.03 1.19 1.42
MnO 0.07 0.07 0.08 0.05 0.07 0.08 0.07
MgO 0.12 0.18 0.26 0.05 0.29 0.26 0.30
CaO 0.50 0.70 1.04 0.72 0.88 0.92 1.16
NagO 3.94 3.84 3.85 4.38 3.88 4.05 3.80
KgO 4.63 4.56 4.52 4.50 4.45 4.43 4.50
^2^5 0.03 0.04 0.05 0.02 0.04 0.04 0.06
Total 100.33 100.45 99.61 99.93 100.82 100.20 100.86
CIPW Norms
Q 32.76 33.77 29.89 29.10 33.15 31.51 31.82
Or 27.36 26.95 26.71 26.59 26.30 26.18 26.59
Ab 33.34 32.49 32.58 37.06 32.83 34.27 32.16
An • 2.29 3.21 4.46 3.44 4.10 4.30 5.36
Di - - 0.32 - - - -
Hy 2.69 2.32 3.34 1.78 1.84 2.03 2.52
Mt 1.06 1.15 1.87 1.78 1.09 1.20 1.15
Cr 0.58 0.25 - - 1.10 0.30 0.77
I I 0.19 0.25 0.32 0.11 0.32 0.30 0.36
Ap 0.07 0.09 0.12 0.05 0.09 0.09 0.14
KgO/NagO 1.18 1.19 1.17 1.03 1.15 1.09 1.18
AlgOg/fKgO+NagO) 1.51 1.51 1.54 1.50 1.66 1.57 1.67
KgO/fKgO+NagO) 0.54 0.54 0.54 0.51 0.53 0.52 0.54
CaO/fKgO+NagO) 0.06 0.08 0.12 0.08 0.11 0.11 0.14
FeO(t)/MgO 19.83 12.28 13.46 53.80 6.14 7.77 7.37
L . I . 27.58 27.61 25.44 26.97 27.40 27.03 26.52
D.I. 93.46 93.21 89.18 92.75 92.27 91 .96 90.56
FeO/FegOg 2.26 1.80 1.71 1.19 1.37 1.43 1.78
TABLE 2.2 Major element analyses (wt.%) CIPW 
Jurassic Seoul-Anyang granites
L . I .  : Larsen Index
D .I. : D ifferentiation Index
Norms of the
conti nued
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OS.10 JS.ll JS.12 JS.13 JS.14 JS.l 5 JA.6 JA.16
SiOg 75.54 74.96 74.39 73.87 74.11 74.94 76.14 76.14
TiOg 0.17 0.20 0.17 0.22 0.19 0.16 0.03 0.03
Al^Os 13.22 13.40 13.81 14.09 13.68 13.45 12.65 13.98
0.77 0.97 0.90 0.73 0.95 0.76 0.95 0.59
FeO 1.08 1.19 1.03 1.56 1.19 1.06 1.02 0.56
MnO 0.06 0.07 0.06 0.08 0.07 0.05 0.08 0.03
MgO 0.25 0.29 0.29 0.33 0.30 0.24 0.06 0.05
CaO 0.72 1.07 0.86 1.14 1.07 0.87 0.45 0.40
NagO 3.97 3.85 3.96 3.93 3.95 3.62 4.45 4.42
KgO 4.51 4.41 4.53 4.39 4.42 4.73 4.03 4.43
^2^5 0.04 0.05 0.05 0.05 0.05 0.05 0.02 0.02
Total 100.32 100.47 100.04 100.40 99.97 99.93 99.90 100.66
CIPW Norms
Q 32.85 32.57 31.44 30.49 31.07 33.18 33.30 32.35
Or 26.65 26.06 26.77 25.94 26.12 27.95 23.81 26.18
Ab 33.59 32.58 33.51 33.26 33.42 30.63 37.66 37.40
An 3.31 4.98 3.94 5.33 4.98 3.99 2.10 1.85
Di - - - - - - - -
Hy 1.80 1.91 1.70 2.87 1.96 1.75 1.34 0.67
Mt 1.12 1.41 1.31 1.06 1.38 1.10 1.38 0.86
Cr 0.59 0.47 0.95 0.92 0.57 0.91 0.20 1.24
11 0.32 0.38 0.32 0.42 0.36 0.30 0.06 0.06
Ap 0.09 0.12 0.12 0.12 0.12 0.12 0.05 0.05
KgO/NàgO 1.14 1.15 1.14 1.12 1.12 1.31 0.91 1.00
AlgOg/fKgO+NagO) 1.56 1.62 1.63 1.70 1.63 1.61 1.49 1.58
K20/ (K 20+Na20) 0.53 0.53 0.53 0.53 0.53 0.57 0.48 0.50
Ca0/ (K 20+Na20) 0.08 0.13 0.10 0.14 0.13 0.10 0.05 0.05
FeO(t)/MgO 7.40 7.45 6.66 6.94 7.13 7.58 32.83 23.00
L . I . 27.64 26.85 27.15 25.98 26.56 27.54 27.88 28.80
D.I. 93.09 91.20 91.72 89.68 90.61 91.76 94.76 95.93
FeO/Fe^O] 1.40 1.23 1.14 2.14 1.25 1.39 1.07 0.95
TABLE 2.2 (continued)
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OS JA OS - JA
X S X s X S
SiÛ2 74.77 0.80 76.14 - 74.95 0.88
TiÛ2 0.16 0.04 0.03 - 0.14 0.06
AI2O3 13.42 0.43 13.32 0.94 13.40 0.47
^®2^3 0.88 0.19 0.77 0.25 0.87 0.19
FeO 1.35 0.33 0.79 0.33 1.27 0.38
MnO 0.07 0.01 0.06 0.04 0.07 0.01
MgO 0.24 0.08 0.06 0.01 0.22 0.10
CaO 0.90 0.20 0.43 0.04 0.83 0.25
Na^ O 3.92 0.17 4.44 0.02 3.99 0.24
K2O 4.51 0.10 4.23 0.28 4.47 0.15
^2°5 0.04 0.01 0.02 - 0.04 0.01
Total 100.26 0.36 100.28 0.54 100.26 0.36
D.I. 91.65 1.35 95.35 0.83 92.14 1.82
L . I . 26.94 0.68 28.34 0.65 27.13 0.81
Q 31.82 1.40 32.83 0.67 31.95 1.36
Or 26.63 0. 56 25.00 1.68 26.41 0.89
Ab 33.21 1.46 37.53 0.18 33.79 2.03
An 4.13 0.91 1.98 0.18 3.84 1.14
Hy 2.19 0.52 1.01 0.47 2.03 0.65
Mt 1.28 0.27 1.12 0.37 1.26 0.27
Cr 0.57 0.36 0.72 0.74 0.59 0.39
11 0.30 0.08 0.06 - 0.27 0.11
Ap 0.10 0.03 0.05 -  ' 0.10 0.03
K20/Na20 1.15 0.06 0.96 0.06 1.13 0.09
AI2O2/A Ika li 1.59 0.07 1.54 0.06 1.59 0.07
K2O/Alkali 0.53 0.01 0.49 0.01 0.53 0.02
CaO/Alkali 0.11 0.03 0.05 - 0.10 0.03
Fe0/Fe203 1.55 0.36 1.01 0.08 1 .47 0.39
TABLE 2.3 Arithmetical mean chemical composition (X), sample standard
deviation (S) and average CIPW Norms of the Seoul-Anyang granites
A1kali K2O + Na20
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often c rit ic ised  Marker variation diagram (Chayes 1965). As an addi­
tional means of establishing trends of magmatic evolution, the D iffe re n ti­
ation Index (D . I . )  was used. This is computed as the sum of the salic  
constituents of the CIPW norm (normative quartz + orthoclase + a lb ite  + 
nepheline + k a l is i l i t e  + leucite) expressed in weight percent. The ad­
vantage of the Differentiation Index rests with the fact that i t  repre­
sents crysta llisation from petrogeny's residual system. Increasing in ­
dex values therefore reflect the decreasing basicity of a rock and pro­
vide a measure of the degree of fractionation attained by an evolving 
magma system. The comparison of three different variation diagrams shows 
very l i t t l e  difference among them in this study (F ig .2 .6a, b, c). D if­
ferentiation in terms of the widely used AFM diagram (NagO + K^ O : total 
iron : MgO) and NCK diagram (Na^O: CaO : KgO) is shown in F ig .2 .8a and 
Fig.2.8b, respectively.
(b) S il ica
S il ic a  contents provide a convenient re lative abscissa to show graphi­
cally  the variation in concentration of other oxides (F ig .2 .6a). This 
u ti l is a t io n  of s i l ic a  contents as an abscissa as an im plic it measure of 
re la tive  d ifferentia tion  is especially effective in granites, because 
s il ic a  variation in them greatly exceeds the sum of other oxide variances, 
and s i l ic a  correlates positively with measures of d ifferentia tion . The 
s il ic a  content of analysed samples for the Seoul granite ranges from 
73.28% to 76.06% (mean value of 74.77 - 0.8%) in weight , for the Anyang 
granite is 76.14% in weight. S il ica  tends to be concentrated in residual 
melts during fractional crystallisation and in in i t ia l  melts during pro­
gressive melting. In general, the s il ic a  content increases from NE to 
SW of the studied area along the Sinian direction, which is demonstrated 
in a geographical plot (F ig .2 .7a).
(c) Alkalies
The plots of KpO against SiOg, Larsen, and Differentiation indices appear 
to show a s light positive correlation (F ig .2 .6a, b, c). The content of 
KpO in the studied area varies a l i t t l e  with a range from 4.03% to 4.73% 
(mean value of 4.47 - 0.15% in weight). The correlation between Na^ O 
and SiOg, Larsen, and Differentiation indices shows also a positive trend 
(F ig .2 .6a, b, c). The concentration of Na^ O for the Seoul granite ranges 
from 3.62% to 4.38% with average value of 3.92 - 0.17% in weight, for the
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Anyang granite shows a range of 4.03% - 4.43% with average of 4.44 - 0.02 
wt%. The ra tio  of KgO/NagO varies from 0.91 to 1.31 (average ratio of 
1.13 - 0.09) in the studied area. The total alkalies contents plotted on 
the sample location map (F ig .2. 7a), do not show any significant trend in 
terms of space.
(d) Iron, manganese and magnesium
The content of total iron for the Seoul granite ranges from 1.78 wt% to 
3.50 wt% (mean value of 2.23% in weight) and for the Anyang granite ranges 
from 1.15 wt% to 1.97 wt%. The plot of total iron versus SiOg, Larsen and D if­
ferentiation indices show a marked negative relationship (F ig .2 .6a, b, c).
The variations of the ratio FeO/FOgOg in the Seoul and the Anyang granites 
appear to be 1.14 - 2.26 (mean ratio of 1.55 - 0.36) and 0.95 - 1.07 
(average of 1.01 - 0 .08), respectively. A slight positive variation shows 
between total iron and magnesium in Fig.2.6d. The total iron in the 
studied area generally increases from the margin inward (F ig .2 .7a). The 
manganese content of analysed samples in the Seoul-Anyang granites range 
from 0.03 wt% to 0.08wt% with mean value of 0.07 - 0.01% in weight. The 
distribution pattern of MnO shows a slight negative variation with SiOg, 
Larsen, and Differentiation indices (F ig .2 .6a, b, c). The MgO content 
ranges from 0.05 wt% to 0.33 wt% with average value of 0.22 - 0.1% in 
weight, which is higher in the Seoul granite (0.24 - 0.08 wt%) re la tive  
to the Anyang granite (0.06 - 0.01 wt%). The plots of MgO against SiOg, 
Larsen, and Differentiation indices show a strong negative correlation, 
and i l lu s tra te  quite clearly that MgO follows CaO (Fig.2.6d). The con­
centration of MgO generally decreases from NE to SW of the studied area 
(F ig .2 .7a), which correlates with the modal composition of b io t i te ,  which 
is the principal mineral to accommodate MgO in these granites.
(è) Titanium
The content of TiO^ for the Seoul granite ranges from 0.06% to 0.22% with 
a mean value of 0.16 - 0.04% in weight; the Anyang granite shows a mean 
value of 0.03%. As shown in each of the variation diagrams, TiOg corre­
lates negatively with SiOg, Larsen, and Differentiation indices, and 
positively with total iron (Fig.2.6d). The content of TiOg decreases 
from NE to SW in the Seoul-Anyang granites along the Sinian direction.
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( f )  Aluminium, calcium and phosphorous
The geochemistry of aluminium in the magmatic stage is mainly determined 
by its  fixation in the earliest minerals. The absolute amount of AlgO  ^
decreases s lig h tly  with increasing SiOg, Larsen, and Differentiation  
indices (F ig .2 .6a, b, c). The Al^O  ^ content ranges from 12.65% to 14.09% 
with mean value of 13.4 - 0.47% in weight in the Seoul-Anyang granites.
The ratios of AlgOg/fKgO + NagO) decreases from NE to SW of the studied 
area (F ig .2 .7b). The content of calcium for the Seoul granite ranges 
from 0.5% to 1.16% (mean value: 0.9 - 0.2 % in weight), and for the Any­
ang granite appears to be 0.40% - 0.45% (average value: 0.43 - 0.04 wt%).
Plagioclase and apatite are the main carriers for calcium. AlgO  ^ and CaO 
correlate positively and the ratios of Al20g/(K20 + Na20) decrease from NE 
to SW of the studied area (F ig .2 .7b). CaO increases with the decrease of 
alkalies which show a negative trend (F ig .2 .6d). P20g contents are be­
tween 0.02% and 0.06% in weight. The content of P^Ogin the Seoul granite 
(mean value: 0.04 - 0.01 wt%) is higher than that in the Anyang granite
(mean value: 0.02 wt%). Differentiation and Larsen indices are presented
in Table 2 .2 , and plotted on maps (F ig .2 .7b) which i l lustrate that indices 
generally increase from NE to SW of the Seoul-Anyang granites. The 
average D ifferentiation indices for the Seoul and Anyang granites are 
91.65 - 1.35 and 95.35 - 0.83, respectively. The mean Larsen indices are 
also higher in the Anyang granite (28.34 - 0.65) than in the Seoul granite 
(26.94 - 0 .68).
(g) AFM and NCK ternary diagrams
Major element results from the Seoul and Anyang granites have been plotted 
on an AFM diagram (F ig .2 .8a). The samples are positioned toward the 
alka li side with a l i t t l e  scatter. The Anyang granite shows more a lka li  
and less iron content re la tive  to the Seoul granite. The a lk a lin ity  
ratio  of Wright (1969) shows that the Seoul-Anyang granites plot within 
the a lkaline f ie ld  (Fig.2.8A). For alkaline Seoul and Anyang granites the 
molar ratio  (Na20 + K20) /A l203 is about 1.0 (0.88 - 0 .99), whereas for the 
subalkali ne granites that ratio is much less than 1.0 (Buma et al 1971).
Although displaying similar re la tive  variations in alkali^, there are dis­
t in c t differences in Na20/K20 ratios which show slight Na20 enrichment in 
the Anyang granite when plotted on a Na^ O (N) - CaO (C) - KgO (K) ternary 
diagram (F ig .2 .8b). D ifferentiation is also indicated by the NCK diagram
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which shows a trend typical of a magma which had undergone plagioclase 
fractionation with the removal of CaO from the melt. The curvature of 
the trend line  shown in F ig .2 .8b is a consequence of the precipitation of 
more sodic plagioclase toward the end of the crystallisation sequence.
(h) CIPW normative compositions and phase equilibria
I t  has been decided to calculate CIPW norm compositions in this study as 
i t  is widely used for the s i l ic ic  rocks (e.g. Chayes & Metais 1963).
These authors discussed the difference between cation and weight percent 
norms, and concluded that good agreement was found between the two cal­
culations on highly s i l ic ic  rocks. The detail for calculation of the 
CIPW norm is presented in Cox et al (1979). CIPW norms for the studied 
area are lis ted  in Table 2.2. F ig .2 .9a shows the results from the 
Seoul-Anyang granites for CIPW normative feldspars. The Or-Ab-An ternary 
system in the studied area shows that the An proportion in the Anyang 
granites is less than in the Seoul granites, and that the Ab proportion is  
higher than Or in the feldspars. C rystal!is ition of a magmatic composi­
tion, as represented by normative compositions, can be predicted. The 
Seoul-Anyang granites would yield plagioclase compositions f i r s t  re la t ive ­
ly rich in the anorthite molecule, with the composition of the liquid  
gradually changing until i t  reaches the Or-Ab boundary curve when a potash 
feldspar begins to crysta ll ise . The two feldspars crystallise together 
with the plagioclase becoming more a lb it ic  and the alkali-fe ldspar becoming 
more sodic until the liquid disappears. Crystallisation of this type may 
occur for the Seoul-Anyang granites.
The de fin it ive  work on Q-Ab-Or system is that of Tuttle  & Bowen (1958) 
and is the frequently used approximated granite system. Its  character­
is tics  are well known with a thermal minimum between the a lkali-fe ldspar  
solid solution series and quartz. The effect of increasing pressure on 
this system is not to upset the general pattern, but merely to sh ift  the 
positions of these isobaric minima. Normative.proportions of Q-Ab-Or are 
plotted in F ig .2 .9b, which i l lu s tra te  a re la tive ly  tight group with very 
l i t t l e  scatter and l ie  near the thermal minima. I t  is l ik e ly  that the 
Seoul-Anyang granites were intruded at a high level and the total pressure 
of final crysta llisation is not l ik e ly  to have exceeded 3kb, possibly 
1 - 2kb. Normative Q-Or-(Ab + An) compositions are plotted with a clus­
tered trend in F ig .2 .9c.
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The CIPW norms give normative corundum and F ig .2.10 shows this calculated 
mineral increasing with the normative quartz. In fac t, as no corundum is
to be found in these granites, we are dealing with an excess of alumina in 
the analysis over the proportion of the other elements which are combined 
with alumina in the calculation, to form stoichiometric minerals. These 
other elements are primarily Na, K and Ca. There are possible explana­
tions that e ither non-stoichiometry exists, or there has been a post con­
solidation upset in the proportions of elements in the rock. I t  is pos­
sible that the systematic increase in corundum is related to order/disorder 
processes which, themselves, are controlled by the main physical and 
chemical variables acting on the system (Martin 1969). An alternative  
hypothesis is that percolating groundwaters (Taylor 1968) have affected 
the rocks. The effect of leaching would probably be to dissolve the a l ­
kalies from the feldspars leaving an excess of alumina, probably in the 
form of kaolin ite . Clouded feldspars are often used as a criterion for 
groundwater interaction at the magmatic stage.
2.6.3 Trace and rare-earth elements chemistry
(a) Introduction
Trace and rare-earth elements determinations for the Seoul-Anyang granites 
are presented in Tables 2.4 -  2.7. The incompatible elements ( i . e .  those 
with bulk distribution coeffic ient, D, less than 1) have been broadly 
grouped according to their ionic radius/charge ratios , because the ir  chemi­
cal behaviour is strongly dependent upon the mineralogy, pressure, tem­
perature and in i t ia l  liquid compositon of the system under consideration. 
Thus, Rb, K, Sr, Th and U, which have low f ie ld  strength ionic states, 
have been termed large ion lithophile  (LIL) elements (Schilling 1973), 
and T i ,  P, Zr, H f, Nb and Ta which have low radius/charge ratios have 
been termed high f ie ld  strength (NFS) elements. The rare-earth elements 
(REE) and Y appear to occupy an intermediate position; therefore. Ce and 
La have been grouped with the LIL elements, and the remaining REE and Y 
with the NFS elements. The compatible elements, such as Ni, Cr and V, 
are grouped separately. Marker variation and inter-element diagrams for 
trace and rare-earth elements in the studied area are shown in F ig .2.11 - 
Fig .2.17 throughout the text.
(b) LIL elements. Ce, and La
The Seoul-Anyang granites show high concentrations of Rb, K, and Th. Rb 
contents in the Seoul granite are moderately high, varying from 168ppm to 
320ppm with an average of 209 - 40ppm, but in the Anyang granite shows 
extremely high Rb values from 564ppm to 898ppm with a mean of 731 - 236ppm;
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JS.l JS.2 JS.3 JS.5 JS.7 JS.8 JS.9 JS.IO
Ni 5 3 7 4 3 5 4 2
Cr 10 16 15 10 14 19 19 14
Y 23 19 17 64 35 22 17 15
V 1 1 12 ND 6 5 7 6
Zr 74 75 89 122 85 82 101 76
Nb 21 18 16 33 23 19 18 14
Rb 251 196 192 320 214 227 198 178
Sr 28 55 165 ND 137 129 240 166
Th 31 23 23 35 19 27 22 24
K (X 1000) 38.43 37.85 37.52 37.35 36.94 36.77 37.35 37.43
Ca (X 1000) 3.57 5.00 7.43 5.15 6.29 6.58 8.29 5.15
Ti 600 779 10T9 360 1019 959 1139 1019
P 130.92 174.56 218.20 87.28 174.56 174.56 261.84 174.56
K/Rb 153 193 195 117 173 162 187 210
Rb/Sr 8.96 3.56 1.16 320 1.56 1.76 0.83 1.07
Ca/Y 155 263 437 80 180 299 488 343
Th/Nb 1.48 1.28 1.44 1.06 0.83 1.42 1.22 1.71
Nb/Y 0.91 0.95 0.94 0.52 0.66 0.86 1.06 0.93
K/Zr 519 505 422 306 435 448 370 493
Zr/Y 3.22 3.95 5.24 1.91 2.43 3.73 5.94 5.07
T i/Z r 8.11 10.39 11.45 2.95 11.99 11.70 11.28 13.41
TABLE 2.4 Trace element analyses (in ppm) of the Jurassic 
Seoul-Anyang granites
ND : None detected
continued
6 9
OS.11 JS.l 2 JS.13 JS.14 JS.l 5
Ni 4 3 3 5 3
Cr 18 17 18 25 14
Y 19 16 17 16 16
V 8 7 9 8 6
Zr 112 87 115 98 95
Nb 18 14 16 16 15
Rb 196 196 172 168 212
Sr 224 184 186 187 214
Th 27 22 29 25 21
K (X 1000) 36.60 37.60 36.44 36.69 39.26
Ca (X 1000) 7.65 6.15 8.15 7.65 6.22
Ti 1199 1019 1319 1139 959
P 218.20 218.20 218.20 218.20 218.20
K/Rb 187 192 212 218 185
Rb/Sr 0.88 1.07 0.93 0:90 0.99
Ca/Y 402 384 479 478 389
Th/Nb 1.50 1.57 1.81 1.56 1.40
Nb/Y 0.95 0.88 0.94 1.00 0.94
K/Zr 327 432 317 374 413
Zr/Y 5.89 5.44 6.76 6.13 5.94
T i/Z r 10.71 11.71 11.47 11.62 10.09
JA.6 JA. 16
5 4
9 10
232 107
ND ND
62 63
35 35
564 898
ND 6
28 35
33.45 36.77
3.22 2.86
180 180
87.28 87.28
59 41
564 150
14 27
0.80 1.00
0.15 0.33
540 584
0.27 0.59
2.90 2.86
TABLE 2.4 (continued)
ND : None detected
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JS JA JS-JA
X S X S X S
Ni 3.9 1.3 4.5 0.7 4.0 1.3
Cr 16 4 9.5 0.7 15.2 4.4
Y 23 13 170 88 42 58
V 6 3 ND ND 5 4
Zr 93 16 63 1 89 18
Nb 19 5 35 0 21 7
Rb 209 40 731 236 279 198
Sr 147 76 3 4 128 87
Th 25 4 32 5 26 5
K (X 1000) 37.42 0.79 35.11 2.35 37.10 1.26
Ca (X 1000) 6.41 1.42 3.04 0.25 5.96 1.77
Ti 964 256 180 0 859 364
P 191.34 45.56 87.28 0 177.47 55.85
K/Rb 183 27 50 13 166 53
Ca/Y 337 133 21 9 295 166
Th/Nb 1.41 0.26 0.9 0.1 1.34 0.30
Nb/Y 0.89 0.14 0.24 0.13 0.80 0.27
K/Zr 412 71 562 31 432 84
Zr/Y 4.74 1.54 0.43 0.23 4.17 2.08
T i /Z r 10.53 2.59 2.88 0.03 9.51 3.60
TABLE 2.5 Arithmetical mean (X) and sample standard deviation (S) 
of trace element for the Jurassic Seoul-Anyang granites
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Sr is s ign ificantly  depleted in the la t te r  granite (N.D - 6ppm) in com­
parison with the former granite (28 - 224ppm; mean of 147 - 76ppm). 
Plagioclase generally depletes the granitic melt in Sr. Rb and Sr con­
tents are plotted against SiOg to show positive and negative correlations, 
respectively (F ig .2.11). The plot between Rb and Sr shows a negative re­
lationship (F ig .2.12). Rb/Sr ratios are higher in the Anyang granite than 
in the Seoul granite (F ig .2.12). The K/Rb ratios range from 153 to 218 
in the Seoul granite, but the Anyang granite shows low values of K/Rb such 
as 41 to 59 re la tive  to the ratios of 150 - 300 being normal average values 
for granites (Taylor 1966; Shaw, 1968). K/Rb ratios are plotted against 
the D ifferentia tion Index (DI) in F ig .2.12. For the K/Rb ra t io ,  i f  
neither an a lka li-fe ldspar component nor a biotite-phlogopite is present 
in the residue, i t  is d i f f ic u l t  to reduce the K/Rb ra tio  of the melt re la ­
t ive  to the parent by a factor by either d ifferentia tion  or partial melt­
ing (Hanson 1978). The low K/Rb, high Rb/Sr, and low Sr contents in the 
Anyang granite indicate the influence of feldspar during its  evolution. 
Plagioclase has also high phenocryst-matrix partition coefficients for Sr 
and a high K/Rb ratio  (Arth 1976). The concentration of Th is generally 
higher in the Anyang granite (mean value of 32 - 5ppm) than in the Seoul 
granite (average of 25 - 4ppm). The plots of Th-SiOg and Th-Rb i l lu s tra te  
positive trends in F ig .2.11 and Fig .2.12, respectively. U contents (see 
Table 2.6) are also higher in the Anyang granite (9.76 -  1.87ppm) in re­
lation to the Seoul granite (5.89 - 1.73ppm).
The Nb concentrations range from 14ppm to 35ppm with a mean of 21 - 7ppm. 
The contents of Nb are generally higher in the Anyang granite (35ppm) than 
in the Seoul granite (19 - 5ppm). The plots of Nb-SiOg and Nb-Rb show' 
positive correlation (F ig .2.11 and F ig .2.12, respectively). Th/Nb 
ratios are higher in the Seoul granite (1.41 - 0.26) in relation to the 
Anyang granite (0.9 -  0 .1 ). The Ce concentration in the Seoul granite
is generally higher than the Anyang granite, 41.85ppm - 109.79ppm (mean: 
60.89 -  32.7ppm) and 22.54ppm - 23.14ppm (average: 22.84 - 0.42ppm). The 
La contents are also higher in the Seoul granite (30.15 - 18.44ppm) re la ­
tive  to the Anyang granite (8.19 - 0.59ppm).
(c) HFS elements, REE, and Y
The Zr contents are higher in the Seoul granite (X = 93 - 16ppm) than in 
the Anyang granite (X = 63 - Ippm). Zr shows negative correlations with 
SiOg (F ig .2 .11), Nb, Y and Rb (F ig .2.13). The plot of Zr versus Sr shows
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a positive trend (F ig .2.13). K/Zr ratios are high in the Anyang granite 
(X : 562 - 31) re la tive  to the Seoul granite (X : 412 - 71). The con­
tents of Hf in the studied areas show a l i t t l e  variation, ba  ^ are gen­
era lly  higher in the Anyang granite (6.59 - 0.71 ppm) than in the Seoul 
granite (4.13 - 1.96ppm). Zr/Hf ratios are higher in the Seoul granite 
compared with the Anyang granite, being 13 - 27 and 9 - 10, respectively. 
The ratios of Zr/Y for the Seoul granite range from 1.91 ~ 6.76 (mean:
4.74 - 1 .54, and for the Anyang granite range from 0.27 0.59 (mean:
0.43 - 0 .23). Low HFS content could be inherited from the crustal source 
The Seoul granite can be distinguished from the Anyang granite by its  
lower Nb contents (19ppm and 35ppm of mean values, respectively). Most 
of the Seoul granite have Th/Nb ratios greater than 1, but the Anyang 
granite shows less than 1. The concentration of Ta in the Seoul granite 
(0.83 - 2.13ppm) is much less than in the Anyang granite (5.75 - 7.49ppm). 
La/Ta ratios are much higher in the Seoul granite (28.21 - 27.78) than in 
the Anyang granite (1.25 - 0.14). The T i /Z r  ratios for the Seoul 
granite mostly exceed 10, whereas in the Anyang granite they are less than
3.
Rare-earth elements (REE) were determined on 6 representative samples (4 
samples from the Seoul granite and 2 samples from the Anyang granite) and 
the results are presented in Table 2.6 and Table 2.7. The REE abundance 
data fo r these samples have been normalised to the average chondritic 
abundances (Frey et al 1968), and plotted on a logarithmic scale against 
atomic number (F ig .2 .14), which i l  lustrâtes d istinctly  d ifferent REE pat­
terns between the Seoul and Anyang granites. The Seoul granite shows 
l igh t REE enrichment with (Ce/Yb)N ratios of 5.30 -  23.31 (the average 
ratio being 13.45 - 7.91). The Anyang granite is characterised by the 
slight depletion of the light REE relative to the heavy REE, and has 
(Oe/Yb)N ratios of 0.33 -  0.49 (the mean ratio of 0.41 - 0.11). All the 
REE patterns in the studied area have Eu negative anomalies with Eu/Eu* =
0.002 ~ 0.640 (Eu* : Eu value derived by interpolation between Sm and Gd). 
However, while values of Eu/Eu* are similar negative anomalies for the 
Seoul granite (0.24 - 0.60), the Anyang granite has d istinct to very pro­
minent negative Eu anomalies (0.002 - 0.006). F ig .2.15 shows a plot of 
Ce versus Y, because Y behaviour is closely parallel to that of Yb and
the heavy REE .
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JS.l JS.3 JS.IO JS.l 2 JA.6 JA.16
La 17.23 57.49 21.95 23.91 7.77 8.61
Ce 41.85 109:79 43.96 47.94 23.14 22.54
Nd 18.49 38.14 16.52 18.35 27.72 23.94
Sm 4.67 6.08 3.40 3.51 11.33 9.38
Eu 0.22 1.03 0.47 0.52 0.01 0.02
Gd 1.77 4.55 1.77 2.01 17.85 11.87
Tb 0.78 0.78 0.35 0.41 3.55 2.06
Tm 0.33 0.26 0.09 0.022 2.71 1.56
Yb 2.01 1.75 0.48 1.32 17.59 11.70
Lu 0.31 0.27 0.06 0.20 2.54 1.92
Hf 3.17 7.06 3.02 3.27 6.09 7.09
Ta 2.13 0.83 1.13 1.49 5.75 7.49
U 7.22 6.92 3.42 6.01 11.08 8.43
ZREE 87.66 220.14 89.05 98.39 114.21 93.60
La/Yb 8.57 32.85 45.73 18.11 0.44 0.74
Ce/Yb 20.82 62.74 91.58 36.32 1.32 1.93
Eu/Eu* 0.24 0.64 0.57 0.60 0.002 0.006
(La/Sm)N 3.69 9.46 6.46 6.81 0.69 0.92
(Ce/Yb)N 5.30 15.96 23.31 9.24 0.33 0.49
(La/Yb)N 5.74 21.22 30.91 12.10 0.31 0.53
Zr/Hf 23 13 25 27 10 9
La/Ta 8.09 69.27 19.42 16.05 1.35 1.15
Ce 82.46 212.53 86.30 94.23 69.97 64.49
Y 5.20 7.61 2.75 4.16 44.24 29.11
ZREE : total concentration of REE
Eu : Eu value derived by interpolation between Sm and Gd
N : chondrite normalised value
ZCe : sum of ligh t REE (La to Eu)
EY : sum of heavy REE (Gd to Lu)
TABLE 2.6 Rare-ëarth elements analyses (in ppm) of the Jurassic 
Seoul-Anyang granites
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JS JA JS- JA
X S X S X S
La 30.15 18.44 8.19 0.59 22.83 18.24
Ce 60.89 32.70 22.84 0.42 48.20 32.06
Nd 22.88 10.22 25.83 2.67 23.86 8.15
Sm 4.42 1.25 10.36 1.38 6.40 3.28
Eu 0.56 0.34 0.02 0.01 0.38 0.39
Gd 2.53 1.35 14.86 4.23 6.64 6.73
Tb 0.58 0.23 2.81 1.05 1.32 1.25
Tm 0.23 0.10 2.14 0.81 0.86 1.05
Yb 1.39 0.67 14.65 4.16 5.81 7.11
Lu 0.21 0.11 2.23 0.44 0.88 1.06
Hf 4.13 1.96 6.59 0.71 4.95 2.00
Ta 1.40 0.56 6.62 1.23 3.14 2.79
IJ 5.89 1.73 9.76 1.87 7.18 2.54
EREE 123.81 64.40 103.91 14.57 117.18 51.34
La/Yb 26.32 16.35 0.59 0.21 17.74 18.35
Ce/Yb 52.87 31.08 1.63 0.43 35.79 35.77
Eu/Eu* 0.51 0.18 0.004 0.003 0.34 0.30
(La/Sm)N 6.61 2.36 0.81 0.16 4.67 3.51
(Ce/Yb)N 13.45 7.91 0.41 0.11 9.11 9.10
(La/Yb)N 17.49 10.97 0.42 0.16 11.80 12.25
Zr/Hf 22 6 10 1 18 8
La/Ta 28.21 27.78 1.25 0.14 19.22 25.63
ECe 118.88 62.63 67.23 3.87 101.66 55.39
EY 4.93 2.05 36.68 10.70 15.51 17.15
TABLE 2.7 Arithmetical mean (X) and sample standard deviation (S) 
of REE for the Jurassic Seoul-Anyang granites
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The strong negative Eu anomalies in the Anyang granite indicate the in­
fluence of feldspar fractionation. Plagioclase has high phenocryst - 
matrix partition  coefficients for Sr and Eu^  ^ and high K/Rb ratios (Arth 
1976). Differences in the REE patterns for the Seoul-Anyang granites 
could have resulted from the generation of the magma from source materials 
of variable compositions and/or from melting taking place under different 
physical conditions. I t  is also probable that fractionation of minor 
phases plays the dominant role in controlling the distribution of REE 
patterns in the more evolved granitic rocks such as the Anyang granite.
Data for the whole rock samples from the Seoul-Anyang granites are plot­
ted on a Ce/Yb - Eu/Yb correlation plot (F ig .2 .15). The Ce/Yb ratio in ­
dicates the importance of feldspar behaviour. On the diagram, the 
Seoul-Anyang granites form a linear band with wide variation in the Ce/Yb 
ratios,which i l lu s tra te  that the granitic magma may be derived by partial 
melting and/or mixing processes. The abundances of incompatible e le ­
ments in the Seoul-Anyang granites , normalised to an estimated undepleted 
primordial mantle compositon (Shaw 1972), are il lus tra ted  in F ig .2.16.
The l e f t  to right order of the elements on the F ig .2.16 approximates to 
the decreasing bulk distribution coefficients between granitic  liquid and 
mineral phases. F ig .2.16 reveals that the Seoul granite is characterised 
by strong enrichment of Rb, Th, La and Ce re la tive  to Ta, Nb and Sr.
The Anyang granite is enriched in elements such as Rb, Th, K, Ta, Nd, Hf,
Tb and Y, and strongly depleted in Sr, Eu and T i.
(d) Compatible elements
The Ni concentrations for the studied area range from 2ppm to 7ppm
(average value of 5 -  4ppm). The content of Ni is higher in the Anyang
granite (X : 4.5 - 0.7ppm) than in the Seoul granite (X : 3.9 - l.Sppm).
The plot between Ni and SiOg shows a negative correlation (F ig .2.17).
The Cr contents in the area range from 9ppm to 25ppm (mean of 15.2 - 4.4ppm). 
The concentration of Cr is generally higher in the Seoul granite (16 - 4ppm) 
than in the Anyang granite (9.5 - 0.7ppm). F ig .2.17 shows a negative 
correlation between Cr and SiOL. The Seoul granite can be distinguished 
from the Anyang granite by its  high V contents (6 - Sppm and N.D., re­
spectively), which shows a negative trend between V and SiOg. For equi­
valent values of Cr, Ni and V, concentrations for the Seoul granite are
consistently greater than for the Anyang granite (F ig .2.17). This correlates
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well with values for MgO, and also coincides with the re lative changes 
seen for the K^O/Na^O ratio (see Table 2 .2 ).  These variations in Cr,
Ni, V and MgO are reflected petrographically as variations in b io tite  and 
opaque minerals abundance (see Table 2 .1 ).
2.7 Mineral geochemistry
2.7.1 General statements
This section examines the chemical data for various minerals such as 
a lka li- fe ld sp ar, plagioclase and b io t ite . The mineral chemistry of 7 
representative samples from the Seoul-Anyang granites was studied using 
the energy dispersive electron microprobe at the Department of Earth 
Sciences, University of Cambridge. The main purpose of this study is to 
elucidate important chemical variations in each mineral phase through 
magmatic evolution. Brief notes on the analytical techniques employed 
in this work, and on the accuracy and precision of analysis, are pre­
sented in Appendix 1.4. No other mineral geochemistry data have been 
reported previously from the studied area.
2.7.2 Chemistry of a lka li-fe ldspar and two-feldspar geothermometry
As described in the previous petrography section, the a lka li-fe ldspar in 
the Seoul-Anyang granites shows perth it ic  texture (see Section 2.3 - 2 .4 ).  
The exsolution lamellae make estimation of original bulk compositions 
d i f f ic u l t .  The analyses give in Table 2.8 are microprobe analyses of ex­
solved grains. The number of cation K"*" in a lka li-fe ldspar and cation 
Na"*" in plagioclase in the perthite increase from NE to SW of the studied 
area along the Sinian direction. Further, the number of cation K"*" in 
plagioclase and Na"^  in a lka li-fe ldspar generally decrease from NE to SW 
side.
A technique for determining geological temperature based on the d is t r i ­
bution of a lb ite  component between two coexisting feldspars, is of great 
practical significance. Igneous and metamorphic rocks often contain two 
feldspars. I f  complete stable equilibrium between feldspars was attained, 
the compositions of coexisting feldspar pairs depends only on the pressure 
and temperature for a given total feldspar composition. I f  equilibrium 
was attained only with respect to a lkali exchange, the compositions also 
depend on Al-Si order in both frameworks. Many rocks may contain fe ld ­
spar pairs which were not in equilibrium.
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Barth (1962)proposed a semi-empirical two-feldspar geothermometer, based 
on the distribution of NaAlSi^Og between coexisting plagioclase and a l ­
kali feldspar from natural assemblages. More recent workers (Barth 1968; 
Stormer 1975, 1977; Powell & Powell 1977; Ferry 1978) have attempted to 
improve on Barth's formulation by using a temperature calibration based 
on experimental determinations of feldspar sol vus relations or exchange 
reactions. The theoretical background of two-feldspar geothermometer 
is reviewed in Appendix IV. Stormer (1975) developed a geothermometer 
based on the partitioning of the a lb ite  component between alkali-fe ldspar  
and plagioclase, which did not take into account the solution of a small 
amount of Ca-H-in the a lkali-fe ldspar. Later, Powell & Powell (1977) re­
formulated Stormer's geothermometer equation to correct for this.
Analytical results of perth itic  alkali-feldspars from the Seoul-Anyang 
granites are plotted on the two different graphical geothermometers 
(Stormer 1975, and Powell & Powell, respectively). F ig .2 .18a & b i l l u ­
strate that the temperature of cessation of exsolution in perth itic  a l ­
kali-feldspars was about 300 -  400°C at an assumed pressure of 2kbar.
Both graphic representations of these geothermometers show that the per- 
thites plot in a small range of temperature over the Seoul-Anyang granite 
as a whole. The Anyang granite consolidated at a lower temperature than 
the Seoul granite (F ig .2.18). Using Powell & Powell's geothermometer 
equation, calculated temperatures for cessation of exsolution remain 
within a narrow range (300-400°C) even when a range of pressures is con­
sidered (see Table 2 .9 ). The temperatures of exsolution generally de­
crease from NE to SW of the studied area.
From the above geothermometers, i t  can be concluded that:
( i )  the temperatures of exsolution in perth itic  alkali-fe ldspars show 
a small variation, which means that a ll samples have the same or 
a sim ilar history in a single magma;
( i i )  the temperatures of 300-400°C are not normal for the perthite  
alkali-feTdspar in igneous granitic rocks. Powell (1978) found 
575-650°C at Ikbar for the cessation of macroscopic exsolution 
in a ll a lkali-feldspars of syenite;
( i i i )  the whole granites probably cooled slowly from about 700-800°C to 
300-400°C with final exsolution due to recrystallisation possibly
during and/or immediately a fter the Daebo orogeny when heat flow
was high.
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Mineral %Na T°C
1Kb 3 Kb 5 Kb 7 Kb 10Kb
JS.l
AF 0.047 0.928
297 314 330 346 370
PL 0.945 0.006
JS.2
AF 0.039 0.947
288 304 320 336 360
PL 0.949 0.008
JS.8
AF 0.041 0.947
295 311 327 343 367
PL 0.940 0.048
JS.ll
AF 0.048 0.932
302 318 334 350 374
PL 0.957 0.015
JS.12
AF 0.045 0.912
277 293 312 328 352
PL 0.972 0.006
JS.14
AF 0.065 0.913
336 352 368 384 408
PL 0.917 0.008
JA.6
AF 0.028 0.967
260 277 293 310 334
PL 0.982 0.008
T (K) =
[6330 + 0.093 P + 2 X^gj^pj{1340 + 0.019 P)]
R InKD + X^K(AF)[- 4.63 + 1.54 X^atAF)]
(a fte r  Powell & Powell 1977)
R = 1.9872 Cal 
X,
KD = Na(AF)
XNa(PL)
TABLE 2.9 Temperatures of cessation of exsolution at the various 
pressures for the Jurassic Seoul-Anyang granite
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Alkali-feldspars in the Seoul-Anyang granites range Orgg-gy. Albite is 
therefore partitioned strongly into plagioclase in pairs of feldspars 
from individual rocks, and temperature estimates based on the models of 
Stormer (1975) and Powell & Powell (1977) are inevitably low. Since the 
granites show abundant evidence of recrystallisation which continued to a 
late stage in th e ir  emplacement history, i t  cannot be surprising that the 
feldspars continued to re-equilibrate down to temperatures well below 
those which could be considered to reflect igneous conditions.
According to Ragland (1970), exsolution can take place either by a f i r s t  
order reaction (changes in volume and entropy), or by a second order re­
action involving changes only in specific heat and compressibility requir­
ing no breakdown of the original structures and no new nucléation. His 
study relates the type of equilibrium/metastable transformation to the 
water fugacities (where exsolution is nearly completed). Ragland (1970) 
suggests that a high water content catalyses the transformation. The 
temperatures for cessation of exsolution in perthites for the Seoul-Anyang 
granites might have been affected by metasomatism with high water content 
possibly during the Daebo orogeny which took place in Mid-Late Jurassic 
period (see Fig.1.2b).
2.7.3 Chemistry of plagioclase
The majority of euhedral plagioclases from the Seoul-Anyang granites show 
well developed twinning, as described in the previous petrography section. 
The plagioclase analyses are presented in Table 2.10. Numbers of cation 
Ca^  ^ in plagioclase generally decrease from NE to SW of the studied area 
(F ig .2 .19 ), which shows a negative correlation with cation Si^^. However, 
the number of a lka li (XNa+ XK) cations in plagioclase increases from NE 
to SW side of the area (F ig .2 .19), which il lus tra tes  a s lightly  positive 
trend with cation Si "^*". The range of compositional variation of cation 
Si^^ shows a l i t t l e  variation. Plagioclase shows a total compositional 
range throughout the series from An 12 to An 2. The chemistry of plagio­
clase reflects  that the Anyang granite (high a lkali cations and low cation 
Ca^^) is more evolved than the Seoul granite. This was also shown by the 
whole rock geochemistry.
2.7.4 Chemistry of b io tite
The major element concentrations and structural formulae of biotites from 
the Seoul granites are given in Table 2.11. There is no unaltered b io tite
8 9
JS.l JS.2 JS.8 JS.ll JS.12 JS.14 JA.6
SiOg 66.478 65.587 66.266 66.549 67.515 65.424 67.726
A1 gOg 20.122 21.205 20.672 21.169 19.862 21.898 19.616
FeO(t) ND ND ND ND ND ND 0.117
CaO 1.338 2.191 1.779 2.170 1.087 2.714 0.399
NagO 10.621 9.984 10.747 10.539 11.226 10.310 11.452
KgO 0.669 0.356 0.157 0.331 0.112 0.155 ND
Total 99.228 99.323 99.621 100.757 99.802 100.501 99.309
Recalculated on 8 oxygens
Si 2.943 2.900 2.921 2.905 2.963 2.867 2,981
A1 1.050 1.105 1.074 1.089 1.028 1.131 1.018
Fe - - - - - - 0.004
Ca 0.064 0.104 0.084 0.101 0.051 0.127 0.019
Na 0.912 0.856 0.918 0.892 0.955 0.876 0.977
K 0.038 0.020 0.009 0.018 0.006 0.009 -
Mole proportion {%)
Or 3.8 2.1 0.9 1.8 0.6 0.9 -
Ab 89.9 87.3 90.8 88.2 94.4 86.6 98.1
An 6.3 10.6 8.3 10.0 5.0 12.5 1.9
TABLE 2.10 Plagioclase feldspar analyses from the Seoul-Anyang granites
CO
00
CM
(Q
o (D
90
CL
I n
X
U  o
8
X
qo §
<uin03
u
o
CDrtJ
CL
c
CO
•a
crtj
03O
to
c
o
rtJo
-a
cfd
-a
c
to
CM
00
in
CL
§ +
X
Cl
X
CL
in
X
to
fO
to
c
o
4J
tO
o
c
O)o>
a
OJ
JD
to
c
o
T>
<o
s_
to>
<u
CD
OJ
w
QC
CD
CD
91
JS.l JS.2 JS.8 JS.ll JS.12 JS.13 JS.14
SiOg 35.891 35.975 37.231 36.130 36.893 37.675 37.572
AlgOs 14.600 14.367 14.869 15.762 14.170 13.822 14.025
TiOg 2.621 3.247 2.729 3.883 2.418 2.617 3.309
FeO(t) 24.590 22.442 20.930 20.694 20.383 19.650 20.741
MgO 4.821 7.068 8.426 7.615 9.718 10.325 9.656
MnO 2.366 2.037 1.544 0.605 1.165 0.973 1.006
CaO 0.101 - - 0.082 - - -
KgO 9.243 9.447 9.636 9.466 8.958 9.443 9.719
Total 94.233 94.583 95.365 94.236 93.705 94.506 96.028
Recalculated on 11 oxygens
Si 2.875 2.841 2.876 2.813 2.884 2.910 2.876
A1 1.379 1.338 1.354 1.447 1.306 1.259 1.266
Ti 0.158 0.193 0.159 0.227 0.142 0.152 0.190
Fe 1.648 1.482 1.352 1.348 1.333 1.269 1.328
Mg 0.576 0.832 0.970 0.884 1.132 1.189 1.101
Mn 0.161 0.136 0.101 0.040 0.077 0.064 0.065
Ca 0.009 - - 0.007 - - -
K 0.945 0.952 0.950 0.940 0.893 0.931 0.949
Ionic Mg/(Mg+Fe) 25.892 35.948 41.773 39.604 45.933 48.355 45.343
Ionic Fe/(Fe+Mg) 74.10 64.02 58.23 60.39 54.08 51.63 54.67
TABLE 2.11 Microprobe analyses of b io tite  from the Seoul granite
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in the Anyang granite. The AlgOg - Total iron - MgO diagram is plotted 
in F ig .2 .20a, which shows that MgO and total iron contents vary considera­
bly, whilst AlgOg il lus tra tes  a l i t t l e  variation. The contents of MgO 
decrease generally from NE to SW in the Seoul granite. Mg/(Mg + Fe) 
ratios are plotted, which shows that the ratios decrease from NE to SW. 
Fe/(Fe + Mg) ratios also decrease from NE to SW. These chemical varia­
tions in b iotites imply that the Seoul granite fractionated MgO-rich bio­
t i t e  from NE to SW in the pluton. The plots of 100.Fè/(Fe + Mg) -  SiOg
and 100.Fe/(Fe + Mg) -  AlgO  ^ are presented in F ig .2 .20b.
2.8 Discussion and conclusions
The Seoul and Anyang granites are alkaline subsol vus monzogranites, con­
sisting of two-feldspars and quartz with a small amount of b io t ite . Major 
element and petrological s im ilarities  suggest a common origin for the 
Seoul and Anyang granite, although considerable variations occur in abun­
dances of trace and rare-earth elements; the Anyang granite is more 
evolved than the Seoul granite.
The Seoul granite is distinguished from the Anyang granite by low T i /Z r ,  
Y/Zr, and by strong enrichment of LREE - (Ce/Yb)N = 13.45. The Anyang 
granite is characterised by overall depletion of LREE, Cr, Ni, Al, Ca and 
Sr - (Ce/Yb)N = 0.41, and an enrichment of iron, NagO, KgO and P. These 
two granites show, in general, very similar trends in mineralogy, major 
and trace elements, but are d istinctively  d ifferent in REE patterns (see 
Fig .2.14).
The use of theoretical models in magmatic genesis and evolution has brought 
considerable improvements in understanding of igneous rocks. Applica­
tions to granitic rocks have been reviewed by Hanson (1978). Some pos­
sible mechanism, which may account for the genesis of granitic  magma and 
for the observed chemical variation of the Seoul and Anyang gran ites ,a re  
examined in the l ig h t of their trace and rare-earth element contents.
The evaluated models include:
1. Partial melting of Archaean igneous rocks (basalt from Hart et al
1970; tonalité  from Tarney et al 1979);
2. Partial melting of Archaean metasedimentary rocks (amphibolite facies
grey gneisses and pyroxene granulite from Cunningham 1981).
TOTAL IRON 93
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FIGURE 2.20b Inter-element diagram for biotites in the 
Seoul granite.
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1. Partial melting of Archaean igneous rocks
The low K/Rb, high Rb/Sr, low Sr, re la tive ly  high K, Rb, high in i t ia l  
Sr/ Sr ratio  (0.712) a^^low NFS content in the Seoul and Anyang gra­
nites make unlikely aVSodel mi/okmg fractional crysta llisation of direct  
mantle-derived rocks. For example, a basalt parent has typical K, Rb and 
Sr contents of 2100, 5.9 and 175ppm (average value for Archaean basalts 
from Hart et al 1970). Enriching Rb from 5.9ppm to 209ppm (Seoul granite) 
and to 731 ppm (Anyang granite) would require a minimum of 97% (Seoul granite) 
and 99% (Anyang granite) fractional crystallisation or a maximum of 3%
(Seoul) granite and 0.8% (Anyang granite) partial melting, because the melt 
would have to have been enriched over the parent some 35 and 124 times for 
Seoul and Anyang granites, respectively; i .e .  C /^C  ^ = 35 and 124. Assum­
ing D = 0 for Rb, Cj^ /Cq = I /F  (Shaw 1970), then F = 3% for the Seoul 
granite and F = 0.8% for the Anyang granite; (where weight concentra­
tion of a trace element in a derived melt,
  ' Co=weight concentration of a trace element
in parent, D = bulk distribution coefficient of a given trace element for 
the residual mineral phases at time of separation of melt and residue, and 
F = weight fraction of melt re lative to original parent). However, in
order to reduce the K/Rb ratio from 356 to 183 (for Seoul granite) and to
50 (for Anyang granite), residual phases with significant partition  coef­
fic ients  for K re la tive  to Rb are necessary. Thus, F of 3% and 0.8% are 
maxima for the Seoul and Anyang granites, and much lower values of F are 
necessary to explain the aburidances of elements with higher D values. As 
the trace element evidence indicates that only less than 3% of partial  
melting of Archaean basalt^^^^give the Seoul-Anyang granite magma, so 
fractionational crystallisation of some 97% of basic liquid would be re­
quired to produce the final granite compositions. No evidence of the 
fate of the necessary large volumes of cumulates can be found. Similar 
arguments, as well as major element constraints, rule out a dacitic or 
tonal i t ic  source (Tarney & Saunders 1979) -7% and2%.partial mel ting Archaean 
tonalité  can produce Seoul and Anyang granites, respectively.
2. Partial melting of Archaean metasedimentary rocks
The marked negative Eu anomaly, the low concentrations of Sr (N.D. - 240ppm)
in the Seoul and Anyang granites indicate that plagioclase played an im­
portant role as a residual phase during melting or fractional c ry s ta l l i ­
sation. S im ilarly , the high Rb (279ppm) of the granites suggests deri­
vation from a parent which was not greatly depleted in Rb, which agrees
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also with high KgO/NagO (1.13). Therefore, pyroxene granulite, which has 
low K and Rb content (Table 2.12) is ruled out as a parent being already 
depleted in Th, U, K and Rb (Heier 1973b; Tarney & Windley 1977, 1979).
The Seoul-Anyang granites may have been derived more l ik e ly  from low to 
medium grade metagreywacke basement rocks rather than granulite facies 
rocks, since they contain high contentsof heat-producing elements such as 
Th, U, K and Rb.
I t  is possible to test the hypothesis that these granites were the result 
of partia l melting of a parent similar to the amphibolite facies grey 
gneisses (Table 2 .12). The main factor determining the large degree of 
melting is the need to dilute Rb in magma. The trace element evidence 
indicates that about 30% and 10% partial melting of amphibolite facies 
grey gneisses would required to produce the Seoul and Anyang granite, re­
spectively.
The Seoul-Anyang granites are l ik e ly  to have so lid if ied  from magmas, com­
prising melt plus residual crystals, formed in the crust by partia l fusion. 
The magmas differentia ted during upward movement by accretion of crystals 
to the walls of the intrusion and inward displacement of the melt. Upward 
displacement of the melt may be expected to have formed these s lig h tly  
zoned granites (from NE to SW), in which the early residual crystals are 
concentrated near the walls and base.
Partition coefficients dictate that plagioclase fractionation increases 
Rb, KgO and Rb/Srand low Sr and K/Rb values in the melt (Higuchi & Nagasawa 
1969; Schnetzler & Philpotts 1970; Nagasawa & Schnetzler 1971; Philpotts 
& Schnetzler 1972). Thus, the patterns of chemical variation in major 
and trace elements and minerals in Seoul-Anyang granites are compatible 
with d iffe rentia tion  that results from the early separation of plagioclase 
crystals.
A. Model compositions of granites and gneisses (%)
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JS JA GG* PXG*
Qz 33.5 33.8 13.5 12
Or 31.6 30.6 16.3 5
PI 30.8 34.5 53.3 45
Hb - - 17 38
Bt 3.1 0.3 - -
B. Trace element concentrations (ppm)
Rb 209 731 88 8
Sr 147 3 500 451
Ce 60.9 22.8 58 45
Eu 0.56 0.02 1 1
Yb 1.39 14.65 1.5 1.5
JS : Seoul granite 
JA : Anyang granite 
*GG : grey gneiss (amphibolite facies) 
*.PXG : pyroxene granulite 
*  : a f te r  Cunningham (1981)
TABLE 2.12 Some selected modal composition and trace elements of the
Seoul-Anyang granites and the Lewisian metasedimentary rocks
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Difference in REE patterns between Seoul and Anyang granites
The Seoul granite shows LREE enrichment with (Ce/Yb)N ratio of 5.30 - 23.31. 
In contrast, the Anyang granite is characterised by the s light depletion of 
LREE re la tive  to HREE, and has (Ce/Yb)N ratio of 0.33 - 0.49. All the 
REE patterns in these granites have Eu negative anomalies with Eu/Eu* =
0.002 - 0.640. However, while values of Eu/Eu* are similar negative 
anomalies for the Seoul granite (0.24 - 0 .60), the Anyang granite has dis­
t in c t  to very prominent negative Eu anomalies (0.002 - 0.006).
Large differences in the REE patterns of the Seoul and Anyang granites 
could have resulted from the generation of the magma from source materials 
of variable compositions and/or from melting taking place under d ifferent  
physical conditions. This would result in variations in the type and 
proportions and amount of melt generated. Difference in viscosity and in 
the rate of separation of the residual crystals during intrusion would re­
sult and lead to some variation in rock types formed (the Anyang granite 
is leucocratic re la tive  to the Seoul granite). I t  is also probable that 
fractioriatiori of minor phases plays the dominant role in controlling the 
distribution of NFS elements in the more evolved granitic rocks such as 
the Anyang granite. Minor minerals, such as ilmenite, r u t i le ,  zircon, 
sphene and apatite , may have enhanced s ta b il i ty  under hydrous melting con­
ditions and could retain the NFS elements during partial melting (Saunders 
et al 1980).
HREE fractionation in the Anyang granite may be dependent on the amount 
of garnet l e f t  in the residue. The Anyang has undergone high fractiona­
tion of feldspars re la tive  to the Seoul granite, which is reflected in the 
large Eu anomalies and HREE enrichment.
Heat generation considerations
As one measure of the v a lid ity  of conclusions reached from geochemical 
studies, the heat generation of the Seoul-Anyang granites is considered.
The upward concentration of Th and U in the continental crust has been 
established in several areas. Heier & Adams (1965) found a lower concen­
tration of Th and U in granulite facies gneisses than in equivalent low- 
grade metamorphic rocks within a restricted area in North Norway. The dis­
tribution of heat-producing elements in similar rocks from different depths 
of emplacement can furnish important information on heat production in the 
crust. A similar result was obtained by Hawkesworth (1974) for granitic
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rocks from the Pennine basement of the Tauern window in Austria.
I t  is possible to examine the relation between heat generation and depth 
of crysta llisation for intrusive rocks from the Seoul-Anyang granites, and 
to discuss the petrogenetic implications. According to Ormaasen & Gunnar 
Raade (1978), heat generation (A) can be calculated from the equation
A (hgu) = 0.17 X Th(ppm) + 0.62 x U(ppm) + 0.19 x KgO (wt%)
The equation is based on a rockwhere 1 hgu = 10 cal cm 
density of 2.67g cm
Th, U and KgO contents from representative samples and heat generation 
data in the Seoul-Anyang granites are given in Table 2.13, together with 
pressure estimates.
Sample No. Th (ppm) U(ppm) KgO (wt%) A (hgu) Estimated pressure
JS. 1 31 7.22 4.63 10.63 2 Kbar
JS. 3 23 6.92 4.52 9.06 2 Kbar
JS.IO 24 3.42 4.51 7.06 2 Kbar
JS.12 22 6.01 4.53 8.33 2 Kbar
JA. 6 28 11.08 4.03 12.40 1 Kbar
JA.16 35 8.43 4.43 12.02 1 Kbar
TABLE 2.13 Values of Th, U, K2O and heat generation (A) for the 
Seoul-Anyang granites.
I t  is evident from Table 2.13 that there is a negative correlation between 
heat generation and pressure (depth) of crysta llisation . For better dis­
play the data are plotted in F ig .2.21. The behaviour of the incompatible 
elements Th and U is d ifferent from that of K, and these elements are con­
centrated upwards mainly with the hydrous phase. These heat generation 
calculations are consistent with the mineralogical data, which suggests 
that the Seoul granite was emplaced deeper than the Anyang granite; at 
about 7km and 4km respectively.
The mineral geochemistry reveals that the temperature for cessation of 
exsolution in perthites for the Seoul-Anyang granites may have been a f ­
fected by metasomatism with high water content (Ragland 1970). Oxygen
9 9
FIGURE 2.21 Plot of heat generation vs. pressure/depth. Pressure to 
depth conversion is based on a rock density of 2.80g cm:3 
Curve for the Idaho batholith (Swanberg 1972). Stippled 
l ine  for the Australian Shield (Heier 1973a).
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isotope studies have revealed that many granitoids emplaced at high 
structural levels have experienced interaction with ground water on a 
massive scale (Taylor 1971).
Late K-feldspar mobilisation with marked reddening of the Seoul and Any­
ang granites may be resulted from effect of water-rock interaction  
( in f i l t r a t io n  metasomatism). The Seoul-Anyang granites have also under­
gone after-consolidation deformation which are shown by fractured quartz 
crystals and th e ir  undulose extinction.
The observations and arguments presented for the Seoul and Anyang granites 
lead to the following general conclusions:
1. The Seoul and Anyang granites are alkaline subsol vus monzogranites. 
Pétrographie study indicates that the granites crystallised under un­
stable magmatic conditions which are shown by oscilla tory zoning of 
plagioclase, and myrmekite and undulose extinction of quartz crystals 
as late-magmatic features.
T O O
2. The Seoul and Anyang granites are derived from 30% and 10% partial 
melting o f amphibolite facies gneisses, respectively.
3. The d iffe ren t chemistry between the Seoul and Anyang granites is
due to minor mineral phases and degree of fractiona-tf^n ; 
the Anyang granite has undergone high fractionation of feldspar 
re la tive  to the former.
4. The temperature of exsolution in perth itic  a lka li-fe ldspar shows a 
small variation of 300-400°C at about 2 Kbar pressure, which is 
mainly due to re-equilibrium (and recrystallisation) in the late mag­
matic stage. Late K-feldspar mobilisation with marked reddening of 
the granites resulted from metasomatism.
5. The jo in t  pattern (N70°-80°E) and fractures of quartz crystals sug­
gest stress a fte r  consolidation of the granitic magma.
6. The absence of pegmatites and hydrothermal mineralisation is con­
sistent with the conclusion that these granites have been eroded to 
deep 1evels.
7. The Seoul and Anyang granites belong to "S-type" (Chappell & White 
1974) and the ilmenite-series (Ishihara 1977).
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C H A P T E R  3
THE JURASSIC NONSAN-DAEJEON GRANITIC ROCKS (JN-JD)
3.1 Introduction
The Jurassic Ogcheon granitic batholith is located in the NW metamorphic 
zone of the Ogcheon Fold Belt (F ig .1.8 & F ig .3 .1 ) ,  which transects the 
Korean peninsula along the Sinian direction N30°E trend). The detailed 
geology of the Ogcheon Fold Belt is shown in F ig .3.1.
For this work, those granites have been sampled only from the areas of 
Daejeon c ity  to Nonsan v il lag e , an area of about 1,200 square kilometres 
(60km X 20km) (F ig .3 .2 ). The Jurassic Nonsan-Daejeon granitic rocks 
show a variety  of texture and mineral conposition which is typical of the 
Jurassic Ogcheon granitic  batholith as a whole. The country rocks 
adjacent to the granitic  rocks, are Precambrian basement, mainly, 
b io tite  gneisses at the northern margin of the studied area, and meta- 
pel i t ic  rocks of unknown age at the southeastern part. The accompanying 
sample location map reveals the general geology of the studied area 
(F ig .3 .2 ).  The detailed geology of the Jurassic Nonsan-Daejeon granitic  
rocks was previously mapped at 1 : 50,000 scale by the Korea Research 
In s titu te  of Geosciences and Mineral Resources (Yuseong geologic quad­
rangle map by Park et al 1977; Daejeon quadrangle by Lee et al 1980; 
Nonsan quadrangle by Chang & Hwang 1980; Ganggyeong quadrangle by Lee 
et al 1980).
The Precambrian b io t ite  gneisses around the Ogcheon granitic  batholith 
were radiometrically dated by Hurley et al (1970, 1972, 1973). They have 
obtained Rb/Sr whole rock ages of 1,330 - 1,985 Ma at the northern part 
of the studied area. The age of in i t ia l  sedimentation of the metapelite 
which is found to the SE part of the Nonsan-Daejeon granitic rocks is 
controversial; late Proterozoic is proposed by Reedman & Um (1975), and 
Cambro-Ordovician by Son (1970). Metamorphic grade increases from the 
SE (greenschist facies) to the NW (amphibolite facies) marginal part of 
the Ogcheon Fold Belt (Kim 1971).
Kim (1971a) and Choo (1971) dated the granitic rocks from the HwangDeung 
v illa g e , which is located at the SW marginal part of the studied area
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(F ig .3 .2 ) ,  by K/Ar method on b io tite  at 153 Ma and 158 Ma, respectively. 
Recent Rb/Sr whole rock age study on the granitic rocks from the Hwang- 
Dëung vUlage^by Kim & Wendt (pers.comm. 1981), shows 167 Ma with an 
in i t ia l  Sr/ Sr value of 0.7104. The Ogcheon granitic batholith ap­
pears to have intruded the Precambrian basement and the metapelitic rocks 
of the Ogcheon Fold Belt during and/or a fter the Daebo orogeny - mid to 
la te  Jurassic (Lee 1971).
I
3.2 Field relations
The studied area is composed of the Precambrian basement, metapelitic 
rocks, Jurassic granitic rocks, and dykes as shown in F ig .3.2. The Pre­
cambrian basement rock is exposed in the NW part of the studied area. 
Foliation is well developed N35° -  40°E/40° -  60°SE, which is parallel 
with the Sinian direction, and mafic and fe ls ic  parts alternate regularly 
as a banded structure. The main mineral constituents of the basement 
rock are plagioclase, quartz, b io tite  and muscovite, with garnet and mag­
netite  as accessory minerals. Feldspar and garnet are found as porphyro- 
blasts. The contact between the Jurassic granitic rocks and the Pre­
cambrian basement is poorly exposed. Metapelitic rocks are found on the 
SE side of the area. The rock consists of micaschist interbedded with 
amphibole schists, quartzite, black slate, and crystalline limestone.
Pétrographie study of the metapelitic rocks by Lee et al (1980) reveals 
that they were affected by low grade regional metamorphism (greenschist 
facies) during the Daebo orogeny in the Jurassic (see Fig.1.2b). They 
were thermally metamorphosed to amphibole hornfels by the Jurassic gran­
i te  intrusion (Lee op c i t ). The main direction of fo lia tion  in the meta­
p e l i t ic  rock is N30° -  75°E strike and 40° - 50°NW dip, but in some 
places is up to 70° -  80°SE dip owing to repeat by isoclinal folds. The 
contact between the metapelitic rock and granite is sharp, as seen in 
Plate 3.1.
The Ogcheon granitic  batholith in the studied area can be divided into 
two d iffe ren t rock types. One is medium to coarse grained and slightly  
fo l ia ted , porphyroblastic, b io tite  granodiorite, with megacrysts of K- 
feldspar (up to 3cm in length) which is exposed over most of the Nonsan 
village  area - prefix  : JN (Plate 3 .2 ). The other is a medium grained 
two-mica fo lia ted  granite which is locally distributed in the NE medium 
marginal part of the studied area around Daejeon c ity  - prefix : JD 
(Plate 3 .3 ) .  The boundary between the two different granitic rock types
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PLATE 3.1 The contact between the metasedi­
mentary rock and Jurassic Nonsan- 
Daejeon granitic rocks is sharp, 
irregular and discordant. This 
photograph was taken at 10km south 
of the sample location JN.9.
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PLATE 3.2 A hand specimen of JN.5 shows medium to coarse
grained granodiorite which is the most common rock 
type in the studied area. K-feldspar megacrysts 
are abundant.
a * .
PLATE 3.3 A hand specimen of JD.17 shows foliation. Two-mica 
granite is exposed at the NE marginal part 
of the studied area.
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is gradational around the sample locations JD 11 and JD 12 (see Fig .3.2).
The main direction of fo lia tion  of the Jurassic Nonsan-Daejeon granitic  
rocks is generally N20° -  30°E which is parallel to the Ogcheon Fold 
Belt and to the Sinian direction. The origin of fo lia tion  is apparently 
due to the magmatic convection which has given rise to an orientation of 
the tabular minerals as primary fo l ia t io n . (Plate 3.4a). A secondary 
fo lia t io n  is a la te  feature as i t  also affects the f i r s t  phase of aplite  
(Plate 3 .6a). There are many granite quarries for building material in 
the studied area (such as sample locations JN 1, 2, 3, 4, 5 and 6, and 
JD 11, 19 and 21), which made i t  posssible to deduce the general crystal­
lisation  sequence in the f ie ld .  The following is a summary of the f ie ld  
sequence: the f i r s t  phase of Nonsan granodiorite was intruded into the
country rocks during the Daebo orogeny (Kim & Wendt pers.comm.). Mafic 
gabbroic xenoliths are more abundant in the marginal part of the studied 
area compared to the rest of the area. The size of gabbroic xenoliths 
is up to 30cm in length with an average of 20cm. They are moderately 
digested by the granitic melt. The second phase of granodiorite, which 
includes the f i r s t  phase of the granodiorite as xenoliths, intruded 
throughout the Nonsan area (Plate 3.5a). A basic igneous material in­
jected into the second phase of hot granodiorite (Plate 3.4b). The mega­
crysts of K-feldspar, which average 2cm in length, were grown during the 
intrusion of the second phase of granodiorite (Plate 3.5b). Both mag­
matic and metasomatic origins have been proposed for K-feldspar mega­
crysts. Those in the Nonsan granodiorite appear to be chiefly metasoma­
t ic ,  for they have not been carried into dykes, and are not involved in 
schlieren that originated through flow sorting of crystals (Bhattacharji 
& Smith 1964). Next, the f i r s t  phase of ap lite  cut through the fo l ia ­
tion of the granodiorites and other pre-existing rocks. Deformation 
took place to form schlieren and a schistosity in which the. early phase
of ap lite  and b io t ite  became t ig h t ly  folded along the axial planes (Plate
3.6a, b). This suggests "hot deformation" - i .e .  syntectonic intrusion. 
The alignment of the K-feldspar megocrysts and of the gabbroic xenoliths 
is paralle l to the fo lia t io n  of b io t ite  (N30°E direction), which implies 
a certain extent of tectonic stress control. The second phase of ap lite ,
pegmatite and dykes are undeformed (Plate 3.7a). Dolerite dykes, which
are aligned with the Sinian direction, intruded the central part of the 
studied area as a la te r ,  post-deformation phase (Plate 3.7b). The f ie ld  
sequence deduced from cross-cutting relations in the f ie ld  is summarised 
in Table 3.1
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PLATE 3.4a The alignment of 
a lka li- fe l  dspar 
megacrysts and 
biotite flakes in 
second phase of 
granodiorite which 
shows foliation  
with NSQOE. The 
hammer lies N-S 
direction (near 
JN.4).
PLATE 3.4b A basic igneous 
material injected 
into the hot 
granodiorite (from 
JN.3), which is 
observed in the 
second phase of 
granodiorite.
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PLATE 3.5a The second phase of granodiorite has a xenolith 
of the early phase of granodiorite (JN.2).
m^-mm
i t
i m / u
PLATE 3.5b The alkali-feldspar megacrysts have been grown 
during the intrusion of the second phase of 
granodiorite, possibly by metasomatism (JN.5).
no
JN.l Intrusion of Nonsan granodiorite A in the SW side of the 
studied area
JN.2 Incorporation of basic xenoliths A^
JN.3 Growth of K-feldspar megacrysts A in granodiorite A and 
basic xenoliths A^ (alignment of xenoliths may imply some 
stress control)
JN.4 Intrusion of granddiorite B and incorporation of xenoliths
of granodiorite A (with its  basic xenoliths A^  and mega- 
2 1 
crysts A ) and of further basic xenoliths B
2
JN.5 Growth of K-feldspar megacrysts B
JD.l Intrusion of Daejeon two-mica granite in the NW part of the
studied area
3
(a) Emplacement of veins of ap lite  B
(b) Schlieren and schistosity formed by deformation of a ll 
above; biotites along axial planes suggests deformation 
while granitic  rocks are s t i l l  hot (syntectonic intrusions)
(c) Emplacement of veins of ap lite  B^  (undeformed and cross­
cutting)
(d) Pegmatites and Dolerite dykes
* In simple terms, there are three igneous pulses:
P I  A (Granodiorite & xenoliths 
^  (Megacrysts
(Granodiorite & xenoliths 
Cycle B (Megacrysts 
(Aplite
Cycle C Two-mica granite
_________  Deformation (schlieren & schistosity)
Aplite
TABLE 3.1 The f ie ld  sequence of the Jurassic Nonsan-Daejeon granitic rocks
ni
PLATE 3.6a The early phase of aplite shows a tight folding 
due to deformation. Secondary cross-cutting 
foliations are seen around JN.6.
PLATE 3.6b Schlieren (b io tite -r ich  streaks) observed around 
JN.IO, which formed at a-late stage of magmatic 
evolution.
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PLATE 3.7a Pegmatites cut
the pre-existing
granodiorites
(JN.9)
PLATE 3.7b Dolerite cuts granite and is aligned parallel 
to NE-SW direction (from JD.l6).
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3.3 Petrography
(a) Quartz
Quartz (about 30% in volume, see Table 3.2 -3 .3) in the Jurassic Nonsan- 
Daejeon granitic  rocks shows a considerable variation in grain size. 
Quartz is mostly subhedral in the Nonsan granodiorite (SW side of the 
studied area) and up to 5mm in length with an average of 2mm. Quartz 
occurs in t e r s t i t ia l ly  in the Daejeon two-mica granite (NE part of the 
area), and up to 3mm with 1.5mm average length. The grain boundaries of 
quartz grains are crenulated due to strain. Quartz crystals are s light­
ly  fractured, possibly owing to a tectonic event a fte r  consolidation of 
the magma. Quartz shows an undulose extinction in some placed but 
mostly extinction is normal.
Myrmekitic intergrowth around the quartz and plagioclase grains are ob­
served a l l  over the area (Plate 3.8a). P o ik i l i t ic  quartz, with inclu­
sions of euhedral sphene and b io t ite  laths, is found in many places.
(b) Alkali feldspar
The a lk a li  feldspar (about 20-25% in volume. Table 3 .2 -3 .3 ) shows sub­
hedral tabular shape and up to 3mm with 1mm average in length. The 
string type of perth itic  microcline is dominant with cross-hatched twin­
ning. Some perth it ic  microcline shows p o ik i l i t ic  texture with inclu­
sions of small grains of quartz, b io tite  and euhedral sphene (Plate 3.8b) 
The microclines are often fragmented and then annealed in some places. 
Marginal parts of the microclines are altered to seric ite . Microper-
th ites are mostly observed in the granodiorite.
(c) Plagioclase
Plagioclase ranges from about 38% in volume and 29% in the Nonsan grano­
d io r ite  and the Daejeon two-mica granite, respectively (Table 3.2 & 3 .3 ).  
Plagioclase forms generally as subhedral shaped crystals; grain sizes 
range up to 3mm with an average of 1.5mm in length. The plagioclase is 
id en tif ied  by Michel-Levy method as oligoclase (An 18-30), the composi­
tion of zoned plagioclase varying s ligh tly  from An 24 in the core, to 
An 16 at the margin. Plagioclase sometimes shows oscilla tory zoning; 
i t  normally shows parallel twinning according to a lb ite  twinning laws
(Plate 3.9a); twinning in the carlsbad law also occurs. Vance (1962)
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PLATE 3.8a Myrmekitic intergrowth around the quartz and feld­
spar grains (JN.5). Crossed polarisers. Length of 
photomicrograph 3.5mm.
PLATE 3.8b Microcline with cross-hatched twinning (JN.6).
Crossed polarisers. Length of photograph 3.5mm,
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described normal and oscillatory zoning and discussed the various theories 
such as convection and turbulence, varying water pressures, varying load 
pressures, and varying amount of supercooling in the magma for its  
origin.
P o ik i l i t ic  texture of oligoclase is observed with inclusions of quartz. 
Some of the zoned plagioclases are altered to sericite  which are normally 
in the central part of the crystals and especially in zonal boundaries.
(d) Mica and accessory minerals
The b io t ite  (about 5 - 10% in volume. Table 3 .2 -3 .3 ) ,  which is found 
abundantly in the Nonsan granodiorite re la tive  to the Daejeon two-mica 
granite, occurs as tabular grains up to 1.5mm, with an average of 1mm in 
in length. The b io t ite  frequently displays p o ik i l i t ic  textures with in­
clusions of apatite , zircon and an opaque mineral, and is sometimes in ter­
grown with quartz or feldspar. Muscovite, which has an average length 
of 0.5mm, is aggregated in the core part of plagioclase grains and mainly 
observed in the Daejeon two-mica granite. Ilmenite occurs as subrounded 
grains up to 0.3mm across; i t  is often surrounded by b io tite  crystals. 
Zircon occurs as subhedral grains with an average length of 0.02mm and 
i t  is noticeable particu larly  by its  pleochroic haloes in b io tite . Apa­
t i t e  is found as irregularly  oriented needle-shapes in b io tite  crystal. 
Sphene occurs only in the Nonsan granodiorite as euhedral, diamond­
shaped grains which are up to 1mm with average of 0.5mm in length, and 
appears to overgrow b io tite  crystals(PIate 3.9b).
3.4 Modal analysis
The modal compositions of the samples from the Jurassic Nonsan-Daejeon 
Granitic rocks are shown in Table 3 .2-3 .3 . The minerals present in 
each specimen from the studied area were point-counted from etched and 
stained large thin sections (4cm x 2dm). Alkali-feldspar was stained, 
using the sodium cobaltin itrate  method of Bailey & Stevens (1960). The 
detailed methods of staining samples and modal analysis are described in 
Section 2.4 and Appendix 1.5. All samples were counted for about 
2,000 points. F ig .3.3 shows a ll  these points on a quartz-alkali fe ld-  
spar-plagioclase diagram for c lassification (Streckeisen 1976). Total 
variations are seen to be from granodiorite (samples from the SW part of 
the studied area) to monzogranite (samples from the NE part of the area).
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PLATE 3.9a Plagioclase with parallel twinning according to 
alb ite  twinning laws (JN.2). Crossed polarisers. 
Length of photograph 3.5mm.
PLATE 3.9b Sphene as euhedral, diamond-shaped grain which 
appears to overgrow b iotite  crystals (JN.4). 
Crossed pol arisers. Length of photograph 2im.
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3.5 Mineral paragenesis
The fo l ia t io n , folding and cleavage of the medium grain sized granodiorite 
and two-mica granite in the studied area indicate that their s o lid if ic a ­
tion was affected by tectonic movement (see Table 3. 1) . Observation of 
paragenetic relationships suggest the following order of crysta llisation:
Time
Primary (magmatic)
Zi rcon ---------------------- >
Ilmenite ---------------------- 1>
Apatite ----------------------->
B iotite   >
Sphene
Plagioclase (An 12-18)  >
Muscovite -------------- ----------— >
A lkali-fe ldspar  
Quartz
Secondary ( la te  magmatic)
Albite (microperthite) ^
Chlorite ^
Seric ite  ^
Paragenetic relationships of the Jurassic Nonsan-Daejeon granites
Accessory minerals, such as zircon, ilmenite and apatite, were the early 
minerals to c rysta ll ise . P o ik i l i t ic  crystals include the accessory 
minerals. Euhedral sphene overgrown around the b io tite . As plagio­
clase (oligoclase : An 18-30) continued to crysta ll ise , the composition 
changed to become generally more sodic toward the rim of the plagioclase 
crystalSdespite the oscillatory zonal structure. The mechanism for the
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production of oscillatory zoning is the d iffus ion- supersaturation theory 
(Vance 1962). This accounts well for the regularity of the zones by non­
equilibrium crystallisation related to variations in the rates of crystal­
lisation and diffusion. Thus, oscillatory zoning in the studied area 
implies as<an indication of fluctuating conditions in a magma chamber, 
and la te r  dominant twinned plagioclase indicates a degree of deformation 
and recrystallisation (Spry 1969). A small portion of quartz began to 
crysta ll ise  s lig h tly  before the crystallisation of plagioclase. The 
alka li-fe ldspar and quartz crystals are the la ter  crystallis ing minerals 
in the studied area.
Myrmekite usually shows the "wart-like" form. The quartz worms show no 
preferred orientation, but converge perpendicular to an outwardly convex 
boundary, widen inward, then terminate in blunt lobes (Plate 3.8a). 
Myrmekite is most frequently found at grain boundaries between plagio­
clase and a lka li-fe ldspar. Myrmekite also occurs at boundaries between 
quartz and a lka li-fe ldspar grains, and within thicker, more calcic plagio­
clase lamellae in perthite. Hubbard (1966) suggests that the origin of 
myrmekite is a process of exsolution parallel to and contemporaneous with 
perth itisa tion . Myrmekite may form by sodium and calcium metasomatism . 
of a lka li- fe ld sp ar, or possibly by exsolution. I f  a solution with a 
higher (Na + Ca)/K a c tiv ity  ratio than that required for equilibrium with 
a lka li- fe ldspar is present, ionic exchange rapidly produces plagioclase 
and excess s i l ic a  which is precipitated essentially in placesas quartz 
inclusion. Shelley (1970) concluded that myrmekite is formed by the 
simultaneous exsolution of quartz and plagioclse from alka li-fe ldspar.
The occurrences of oscillatory zoning in plagioclse and myrmekite imply 
that the Nonsan-Daejeon granitic rocks crystallised under fluctuating  
unstable magma such as syn or/and late tectonic conditions . Seconda­
ry la te  magmatic minerals, such as sericite and chlorite , are a lteration  
products from plagioclase and b io tite , respectively.
For a consideration of the results from f ie ld  and pétrographie work in 
the Nonsan and Daejeon granitic rocks, the following conclusions are 
drawn:
1. The granitic  rocks are foliated with N20 - 30 E direction which is 
paralle l to the Ggcheon Fold Belt -  tectonic stress control.
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2. The Nonsan granitic rocks belong to granodiorite and the Daejeon 
granites, are classified as two-mica monzogranite (Streckeisen 
1976);
3. Myrmekite and microcline are frequently observed. Sphene is found 
exclusively in the Nonsan granodiorite and muscovite in the Daejeon 
two-mica granite;
4. Deformation took place to form schlieren and a schistosity in which 
the early phase of oplite  and b io tite  became tig h tly  folded - hot 
deformation (syntectonic intrusion).
3.6 Whole rock geochemistry
3.6.1 General statements
On the basis of pétrographie studies, nineteen representative granitic  
rocks were selected and analysed for major, trace and rare-earth elements 
The lo ca lit ie s  of analysed samples are given in F ig .3.2. Ten major
oxide elements were analysed by X-ray fluorescence spectrometry (XRF) 
method on fused glass disc s, using a Philips PW 1400 XRF. FeO was 
measured by wet analysis (Wilson 1955), and FOgOg was obtained by XRF 
determined total iron - (FeO x 1.1113). Trace elements were also de­
termined by XRF analysis on pressed powder pellets. The concentrations 
of rare-earth elements (REE) were obtained by instrumental neutron a c t i ­
vation analysis (INAA), using a Ge (Li) low energy photon detector. 
Details of sample preparation, analytical techniques, the ir  accuracy and 
precision in the whole rock geochemistry are discussed in Appendix I . l -  
1.3. Previous works on the whole rock geochemistry of the Ggcheon 
granitic  batholith are scarce, except Lee (1971) reported the major- 
element data on the granitoids from the Ggcheon Fold Belt.
3.6 .2 Major element chemistry
(a) Introduction
The analytical results of 11 major oxide elements and CIPW norms are pre­
sented in Table 3.4. Niggle values are listed in Appendix I I . 2. The 
arithmetical mean and sample standard deviation of the major element and 
CIPW norms for the Nonsan-Daejeon granitic rocks are presented in Table 
3.5. The changes in the abundance of major element through the studied
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JN.l JN.2 JN.3 JN.4 JN.5 JN.6 JN.7
SiOg 69.08 70.04 68.35 66.26 66.60 68.94 67.50
TiOg 0.49 0.46 0.54 0.66 0.65 0.51 0.62
Al^Oj 15.76 15.17 15.90 16.51 16.25 15.85 15.45
1.09 1.05 1.21 1.43 1.44 1.13 1.58
FeO 2.27 1.81 2.78 2.89 2.95 2.34 2.72
MnO 0.04 0.04 0.04 0.05 0.06 0.04 0.05
MgO 0.70 . 0.54 0.93 1.31 1.33 0.86 1.12
CaO 2.55 2.12 2.84 3.44 3.42 2.78 2.80
NagO 4.28 4.02 4.15 4.01 3.96 3.83 3.84
KgO 3.87 4.28 3.51 3.49 3.44 3.78 3.42
0.17 0.12 0.19 0.20 0.19 0.15 0.18
Total 100.30 99.64 100.42 100.26 100.28 100.20 99.29
CIPW Norms
Q 22.19 24.46 22.35 19.40 20.14 24.20 23.66
Or 22.87 25.29 20.74 20.62 20.33 22.34 20.21
Ab 36.22 34.02 35.12 33.93 33.51 32.41 32.49
An 11.54 9.73 12.85 15.76 15.73 12.81 12.72
Hy 4.28 3.12 5.60 6.39 6.58 4.74 5.55
Mt 1.58 1.52 1.75 2.07 2.09 1.64 2.29
Cr 0.03 0.36 0.57 0.36 0.25 0.76 0.77
11 0.93 0.87 1.03 1.25 1 .23 0.97 1.18
Ap 0.39 0.28 0.44 0.46 0.44 0.35 0.42
KgO/NagO 0.90 1.06 0.85 0.87 0.87 0.99 0.89
AlgOg/fKgO+NagO) 1.93 1.83 2.08 2.20 2.20 2.08 2.13
K20/ (K 20+Na20) 0.48 0.52 0.46 0.47 0.47 0.50 0.47
Ca0/ (K 20+Na20) 0.31 0.26 0.37 0.46 0.46 0.37 0.39
■ FeO(t)/MgO 4.80 5.30 4.29 3.30 3.30 4.03 3.84
L . I . 21.38 23.16 19.74 17.94 17.94 20.78 19.28
D.I. 81.28 83.77 78.20 73.95 73.98 78.94 76.36
Fe0/Fe20g 2.08 1.72 2.30 2.02 2.05 2.07 1.72
TABLE 3.4 Major element analyses and CIPW Norms of the Jurassic 
Nonsan-Daejeon granitic rocks
L . I .  : Larsen Index ( I /3 SiOg + K^ O) -  FeO + MgO + CaO)
D .I. : D ifferentiation Index
(Normative Q + Or + Ab + Ne + Kal + Leu)
conti nued
1 2 4
JN.8 JN.9 JN.IO JD.ll JD.l 2 JD.13
SiOg 66.87 63.07 63.78 71.16 70.68 71.03
TiOg 0.64 ’0.68 0.74 0.24 0.24 0.38
Al gOg 16.25 18.19 17.21 15.37 16.01 15.53
Feg03 1.67 1.36 1.68 1.14 1.18 1.07
FeO 2.78 3.89 3.93 1.57 1.47 1.23
MnO 0.06 0.08 0.08 0.08 0.07 0.02
MgO 1.26 1.78 1.86 0.59 0.54 0.45
CaO 3.31 4.42 3.61 3.03 3.04 1.84
NagO 3.90 3.85 3.69 3.36 3.36 4.02
KgO 3.54 2.80 2.70 3.17 3.57 4.13
P2O5 0.19 0.19 0.22 0.09 0.10 0.11
Total 100.47 100.31 99.51 99.79 100.26 99.81
CIPW Norms
Q 20.94 16.08 19.93 31.60 29.77 27.18
Or 20.92 16.55 15.96 18.73 21.10 24.41
Ab 33.00 32.58 31.22 28.43 28.43 34.02
An 15.18 2 0 .6 9 16.47 14.44 14.43 8.41
Hy 5.92 9.48 9.39 3.16 2.80 1.91
Mt 2.42 1.97 2.44 1.65 1.71 1.55
Cr 0.44 1.25 2.18 1.12 1.33 1.37
11 1.22 1.29 1.41 0.46 0.46 0.72
Ap 0.44 0.44 0.51 0.21 0.23 0.25
KgO/NagO 0.91 0.73 0.73 0.94 1.06 1.03
AlgOg/fKgO+NagO) 2.18 2.74 2.69 2.35 2.31 1.91
KgO/(KgO+NagO) 0.48 0.42 0.42 0.49 0.52 0.51
, CaO/(KgO+NagO) 0.44 0.66 0.56 0.46 0.44 0.23
FeO(t)/MgO 3.53 2.95 3.02 4 .5 9 4.91 5.11
L . I . 18.48 13.73 14.56 21.70 22.08 24.29
D.I. 74.86 65.20 67.11 78.76 79.30 85.60
FeO/FegOg 1.66 2.86 2.34 1.38 1.25 1.15
TABLE 3.4 (continued)
continued
1 2 5
0D.14 JD.l 5 JD.16 JD.l 7 JD.21 JD.22
Si Op 71.05 70.61 70.51 72.05 71.20 70.86
TiOg 0.31 0.23 0.23 0.20 0.30 0.26
Alg03 15.58 16.04 15.71 15.25 14.70 15.64
Feg03 1.01 1.20 1.42 1.39 1.28 1.19
FeO 1.14 1.41 1.03 1.18 2.37 1.39
MnO 0.03 0.05 0.05 0.08 0.05 0.04
MgO 0.44 0.53 0.51 0.46 0.39 0.66
CaO 2.14 2.63 2.64 2.41 1.88 3.08
NagO 3.75 3.44 3.71 3.16 3.47 3.37
KgO 4.14 3.59 3.67 3.79 4.47 3.32
^2^5 0.09 0.10 0.09 0.09 0.09 0.10
Total 99.69 99.83 99.56 100.06 100.20 99.91
CIPW Norms
Q 28.04 30.12 28.53 33.19 28.24 30.70
. Or 24.46 21.21 21.69 22.40 26.41 19.62
Ab 31.73 29.11 31.39 26.74 29.36 28.52
An 10.03 12.39 12.51 11.37 8.74 14.63
Hy 1.90 2.63 1.70 1.98 3.86 2.86
Mt 1.46 1.74 2.06 2.02 1.86 1.73
Cr 1.26 1.95 1.05 1.78 0.95 1.14
11 0.59 0.44 0.44 0.38 0.37 0.49
Ap 0.21 0.23 0.21 0.21 0.21 0.23
KgO/NagO 1.10 1.04 0.99 1.20 1.29 0.99
AlgOg/(KgO+NagO) 1.97 2.28 2.13 2.19 1.85 2.34
KgO/(KgO+NagO) 0.53 0.51 0.50 0.55 0.56 0.50
CaO/(KgO+NagO) 0.27 0.37 0.36 0.35 0.24 0.46
’ FeO(t)/MgO 4.89 4.92 4.80 5.59 9.36 3.91
L .I . 24.10 22.56 22.99 23.76 23.56 21.81
D.I. 84.24 80.44 81.61 82.32 84.01 78.83
FeO/FegOg 1.13 1.18 0.73 0.85 1.85 1.17
TABLE 3.4 (continued)
1 2 6
JN JD JfJ - JD
X S X S X S
SiOg 67.05 2.26 71.02 0.46 68.93 2.61
TiOg 0.60 0.09 0.27 0.06 0.44 0.19
AlgOj 16.25 0.89 15.54 0.41 15.91 0.78
FegOj 1.36 0.24 1.21 0.14 1.29 0.21
FeO 2 .84 0.66 1.42 0.40 21.17 0.90
MnO 0.05 0.02 0.05 0.02 0.05 0.02
MgO 1.17 0.43 0.51 0.08 0.86 0.46
CaO 3.13 0.65 2.52 0.49 2.84 0.64
NagO 3.95 0.17 3.52 0.26 3.75 0.31
KgO 3.48 0.47 3.76 0.42 3.61 0.46
P2O5 0.18 0.03 0.10 0.01 0.14 0.05
Total 100.07 0.42 99.90 0.23 99.99 0.35
D.I. 75.37 5.80 81.68 2.54 78.36 5.50
L . I . 18.70 2.90 22.98 0.99 20 .73 3.08
Q 21.34 2.58 29.71 1.92 25.30 4.84
Or 20.58 2.76 22.23 2.47 21.36 2.69
Ab 33.45 1.45 29.75 2.22 31.70 2.62
An 14.35 3.09 11.88 2.42 13.18 2.99
Hy 6.11 2.03 2.53 0.72 4.41 2 .3 8
Mt 1.98 0.34 1.75 0.20 1.87 0.30
Cr 0.70 0.62 1.33 0.33 1.00 0.59
11 1.14 0.18 0.51 0.10 0.84 0.35
Ap 0.42 0.06 0.22 0.01 0.32 0.11
KgO/NagO 0.88 0.10 1.07 0.11 0.97 0.14
AlgOg/Alkali 2.21 0.29 2.15 0.19 2.18 0.25
KgO/Alkali 0.47 0.03 0.52 0.02 0.49 0.04
CaO/Alkali 0.43 0.12 0.35 0.09 0.39 0.11
Fe(t)/MgO 3.84 0.78 5.34 1.57 4.55 1.41
FeO/FOgOg 2.08 0.36 1.19 0.32 1.66 0.57
TABLE 3 5 Arithmetical mean (X) and sample standard deviation (S) of major 
element and CIPW Norm for the Jurassic Nonsan-Daejeon granitic
rocks
Alkali KgO + NagO
1 2 7
area are shown in the Marker variation diagrams (F ig .3 .4 ). Comparison 
of three d iffe rent variation diagrams (Marker, Larsen, and Differentiation  
indices) shows l i t t l e  difference among them (see Section 2 .6 .2 ) .  AFM 
and NCK diagrams are shown in Fig.3.7a and Fig.3 .7b), respectively.
(b) S il ica
The s i l ic a  content of analysed samples for the Nonsan-Daejeon granitic  
rocks ranges from 63.07 wt% to 72.05 wt% (F ig .3 .4 ); arithmetical mean 
(X) and sample standard deviation (S) are 68.93 wt% and 2.61 wt%, re­
spectively. The Nonsan granodiorites from SW of the studied area show 
a widely scattered pattern in s ilica  content from 63.07% to 70.04% in 
weight (mean value of 67.05 - 2.26 wt%). The s i l ic a  content generally 
increases from NE to SW of the Nonsan granodiorite area. The Daejeon 
two-mica granite il lus tra tes  a small variation from 70.51% to 72.05% in 
weight (average value of 71.02 - 0.46 wt%).
(c) Alkalies
The plots of KgO against SiOg appear to show a positive trend in the 
Nonsan-Daejeon granitic  rocks (F ig .3.4). The content of K^ O in the
+studied area varies from 2.7 wt% to 4.47 wt%, with mean value of 3.61 - 
0.46% in weight. The Nonsan granodiorites show a widely scattered trend 
in KgO content from 2.7 wt% to 4.28 wt% (mean value of 3.48 - 0.47 wt%). 
The Daejeon two-mica granite il lustrates  rather l i t t l e  variation from 
3.17 wt% to 4.47 wt% (average of 3.76 - 0.42 wt%). The correlation be­
tween NagO and SiOg in the Nonsan granodiorite shows a s lightly  positive 
relationship, but in the Daejeon two-mica granite i l lu s tra te s  l i t t l e  
variation. The concentration of NagO for the granodiorite ranges from 
3.69 wt% to 4.28 wt% (mean of 3.95 - 0.17%) in weight , and for the two- 
mica granite shows a range from 3.16 wt% to 4.02 wt%, with an average 
value of 3.52 - 0.26 wt%. The average ratio of KgO/NagO in the Nonsan 
granodiorite is 0 . 8 8 - 0 . 1 ,  but in the Daejeon two-mica granite is 1.07 
- 0.11. The total alkalies contents show that KgO + NagO concentrations 
generally increase from NE to SW in the Nonsan granodiorite. Total 
alkalies contents are plotted against CaO in F ig .3.5, which i l lu s tra tes  
a negative relationship. CaO/KgO + NagO ratio  (mean value of 0.43 
0.12) decreases from NE to SW of the Nonsan granodiorite; the average 
CaO/KgO + NagO ratio  of the Daejeon two-mica granite is 0.35 - 0.09 with 
a l i t t l e  variation.
1 2 8
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(d) Iron, manganese, and magnesium
The total iron content for the Nonsan granodiorite in the studied area 
ranges from 2.86 wt% to 5.61 wt%, which shows a negative trend with 
Si02 (F ig .3 .4 ) ,  and for the Daejeon two-mica granite shows a small v a r i­
ation of 2.15 wt% - 3.65 wt%. The variation of the ratio  FeO/Fe^O  ^ in 
the granodiorite and in the two-mica granite appears to be 1.66 - 2.86 
(mean ra tio  of 2.08 - 0.36) and 0.85 - 1.85 (mean of 1.19 -  0 .32 ), re­
spectively. The plot between total iron and MgO shows a positive trend 
(F ig .3 .5 ).  (FeO + Fe202)/Mg0 ratio in the granodiorite area generally 
increases from NE to SW. The average FeO(t)/MgO ratio  for the Nonsan- 
Daejeon granitic  rocks is 4.55 -  1.41. The manganese content of analysed 
samples in the studied area ranges from 0.02% to 0.08% in weight (mean 
value of 0.05 - 0.02 wt%). The distribution pattern of MnO in the Non­
san- granodiorite shows a negative variation with Si02» and in the Daejeon 
two-mica granite il lus tra tes  a widely scattered, vertical trend (F ig .3 .4 ).  
The magnesium concentration of the Nonsan-Daejeon granitic rocks shows a 
dis tinc t difference between the Nonsan granodiorite and the Daejeon two- 
mica granite: the former ranges from 0.54 wt% - 1.86 wt% (average value
of 1.17 -  0.43%), and the la t te r  shows a very l i t t l e  variation of 0.39 wt% 
-  0.66 wt%) (mean value of 0.51- 0.08% in weight). The plots of MgO - 
Si02 and MgO - CaO i l lu s tra te  negative (F ig .3.4) and positive (F ig .3.5) 
relationships, respectively.
(e) Titanium
The average T i02 content for the Jurassic Nonsan-Daejeon granitic rocks 
is 0.44 - 0.19% in weight. In general, the content of T i02 is higher in 
the Nonsan granodiorite than in the Daejeon two-mica granite at the 
studied area: the former ranges from 0.46 wt% to 0.74% (mean of 0.6 -
0.09% in weight), and the la t te r  shows from 0.2 wt% to 0.38 wt% (average 
of 0.27 - 0.06% in weight). The plot of T i02 versus SiOg shows a nega­
t ive  trend (F ig .3 .4 ).
( f )  Aluminium, phosphorous, and calcium
The AI2O3 content in the studied area ranges from 14.70 wt% to 18.19 wt% 
(mean value of 15.91 - 0.78% in weight), and is generally higher in the 
Nonsan granodiorite re lative to the Daejeon two-mica granite. The con­
centrations of Al2O2decrease with increasing Si02 content (F ig .3.4).
Al202/ (K 20 + Na20) ratio for the studied area is 2.18 -  0.25. Phos­
phorous contents show a wide range of distribution from 0.12 wt% to
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0.22 wt/  ^ (mean of 0.18 - 0.03% in weight) in the granodiorite, and a 
l i t t l e  variation from 0.12 wt% to 0.22 wt% (average of 0.1 -  0 .01% in 
weight) in the two-mica granite. The plot of P^O^against SiOgillustrates  
a negative trend in F ig .3.4. The content of calcium for the studied 
area ranges from 1.84 wt% to 4.42 wt%, with mean value of 2.84 - 0.64% in 
weight, which is higher in the granodiorite (3.13 - 0.65 wt%) than in the 
two-mica granite (2.52 - 0.49 wt%). The plots of CaO - SiOg and CaO - 
(KgO + NagO) show negative correlations (F ig .3 .5 ).
The Differentation Index (D . I . )  is the sum of normative quartz, ortho- 
clase and a lb ite ,  and is a good summary index of bulk composition. D if­
ferentiation and Larsen indices are presented in Table 3 .4 , and plotted 
on a geographic map (F ig .3 .6) ,  which shows the indices generally increase 
from NE to SW in the granodiorite but have l i t t l e  continuous variation in 
the two-mica granite. According to the major element studies, the fo l ­
lowing conclusions are tentatively drawn:
( i )  the Nonsan granodiorite appears to have undergone fractionation
as shown by increases in SiOg, KgO, NagO and D . I . ,  and by decreases 
FeO(t), MnO, TiOg, AlgO  ^ and PgOg from NE to SW side of the area;
( i i )  the Daejeon two-mica granite shows l i t t l e  compositional variations  
in the major elements but, overall, i t  is much more evolved than 
the Nonsan granodiorite;
( i i i )  the Nonsan-Daejeon granitic rocks appear to be made up of a 
granodiorite pulse (low D .I . )  and a granite pulse (high D . I . ) .
(g) AFM and NCK ternary diagrams
When the major element data from the Jurassic Nonsan-Daejeon granitic  
rocks are plotted on the AFM diagram (F ig .3 .7a), the granitic  rocks de­
fine  an enrichment trend typical of.a calc-alkaline series, as defined 
by Petro et al (1979). The AFM trend of the studied granitic  rocks cor­
responds closely to such classic calc-alkaline granite series as the 
southern California and Idaho batholiths, depicted by Mueller & Saxena 
(1977). The Daejeon two-mica granite shows more a lka li and less total 
iron contents re la tive  to the Nonsan granodiorite in the studied area.
The d is tinc t differences between NagO and KgO concentrations are seen in 
the N-C-K diagram (F ig .3 .7b), which il lustrates  higher NagO content in 
the granodiorite than in the two-mica granite.
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(h) CIPW normative compositions and phase equilibria
Granitic rocks of the studied area, with the sum of normative a lb ite ,  
orthoclase and quartz over 80%, have been plotted (Fig.3.8b). Phase 
boundary curves (Tuttle & Bowen 1958) for selected water-vapour pressures 
and ternary minima for the respective phase boundary curves are super­
imposed on the diagram. Also, the composition f ie ld  of the Jurassic 
Nonsan-Daejeon granitic rocks is superimposed on the diagram for compari­
son. They form quite a wide spread, and fa l l  within the feldspar solid 
solution range. The Daejeon two-mica granite shows enrichment in nor­
mative quartz re la tive  to the Nonsan granodiorite in the studied area; 
the former may have crystallised under about 2-3 Kbars water-vapour pres­
sure and the la t te r  under about 5 Kbars pressure.
A subsequent compilation of Kleeman (1955) has c la r if ie d  these phase re­
lationships. Basically, the system consists of solid solution series 
between a lb ite  and anorthite, and between a lb ite  and orthoclase. The 
temperature distribution over the system shows a gradual decrease from 
the An apex towards a thermal trough between Or and Ab (F ig .3 .8a), which 
also shows the Daejeon two-mica granite is enriched in Or re la tive  to the 
Nonsan granodiorite in the studied area. Temperature of crysta llisation
in the Nonsan granodiorite generallydecreases from NE to SW in the area. 
The granodiorite would yield plagioclase compositions f i r s t  rich in the 
An molecule, with the composition of the liquid gradually changing until 
i t  reaches the Or-Ab boundary curve when an a lkali-fe ldspar begins to 
crys ta ll ise . The two feldspars crystallise together with the plagio­
clase becoming more a lb i te  and the alkali-feldspar becoming more sodic 
until the liquid disappears. Normative Q-Or-(Ab + An) compositions are 
plotted with a good trend (F ig .3 .8c). Plagioclase is abundant in the 
granodiorite re la tive  to the two-mica granite. Plagioclase decreases 
•gradually from NE to SW part of the granodiorite.
The CIPW norm gives normative corundum and F ig .3.9 shows this calculated 
mineral increasing with normative quartz. In fact, as no modal 
corundum is to be found in these rocks, we are dealing with an excess of 
alumina in the analysis over the proportion of the other elements which 
are combined with alumina in the calculation, to form stoichiometric 
minerals. The explanation can be one of two: either non-stoichiometry
exists, or there has been a post consolidation upset in the elemental 
proportions in the rock as described in Section 2 .6 .2h.
XI
in
C
<
4-
X I
<
135
Oin
O
to
u
o
i -
o
cfOLO
c
oo>
• ' - )O)
s
-o
c03
C
0310
C
o
o
to
to
03
L.=3"D
03jr+->
L
o
to
E
03
*_
en
03
L.O
I
O '
I
c
?JQ
*o
c
03
LO
I
■Q<C
IO
C
I
-QC
I
i -
o
03>
00
ro
LUex:
o
C
<
1 3 6
2.0
o
1.8
ÜJ
>
H -
<
cr
o
z
1.0
0.8
0.6
0.4
0.2
20 22 24 26 28 30 3218
NORMATIVE QUARTZ [%]
FIGURE 3.9 Plot of the non-zero normative corundum against 
normative quartz for the Jurassic Nonsan-Dajeon 
granitic rocks.
1 3 7
3.6.3 Trace and rare-earth element chemistry
(a) Introduction
Ten Nonsan granodiorites and nine Daejeon two-mica granites were analysed 
for 9 trace elements and six representative samples were determined for 
12 rare-earth elements (REE), including Hf and Ta. Trace and rare-earth 
elements analytical results are listed in Table 3.6 and Table 3.7, re­
spectively. The conventional Marker variations for the trace elements 
are plotted in F ig .3.10 and F ig .3.13. The inter-element variations are 
also i l lu s tra ted  in appropriate sections through F ig .3.11 - F ig .3.14.
The incompatible elements have been broadly grouped as by Schilling (1973), 
as described in detail in the previous Chapter (see Section 2 .6 .3 ). The 
compatible elements are grouped separately.
(b) LIE elements. Ce, and La
Rb contents in the Jurassic Nonsan-Daejeon granitic rocks range from 
llOppm to 183ppm; the Daejeon two-mica granite shows high and wide 
range in Rb concentrations re lative to the Nonsan granodiorite (114-183ppm 
and 110-142ppm, respectively). Rb contents are plotted against SiOg, 
which i l lu s tra te s  generally a positive correlation (F ig .3.10). The con­
centrations of Rb increase from NE to SW of the Nonsan granodiorite.
The Sr content is generally high in the Nonsan granodiorite compared to 
the Daejeon two-mica granite (597-711 ppm and 309-648 ppm, respectively).
The mean value and standard deviation in Sr contents for the studied area 
is 569 - llOppm. The plot of Sr against CaO shows a positive re la tion­
ship (F ig .3.12). Rb/Sr ratios are higher in the Daejeon two-mica
granite than the Nonsan granodiorite (0.19-0.37 and 0.16-0.24, respecti­
vely) .
The mean Rb/Sr ratio for the studied area is 0.25 - 0.07. The plots of 
Rb/Sr - SiOg and Rb/Sr - Rb show positive trends (F ig .3.10 and F ig .3.11, 
respectively). The plot between Rb and Sr shows a negative relationship  
(F ig .3.11). K/Rb ratios range from 176 to 325 in the Nonsan-Daejeon 
granitic  rocks, with mean value of 227 - 35. The K/Rb ratios are plot­
ted against the Differentiation Index (F ig .3.11), which shows a slightly
positive trend. The relationship between KgO and Rb present a good
positive trend (F ig .3.12), which il lus tra tes  the Nonsan granodiorite 
ranges KgO/Rb value of 200-340, and the Daejeon two-mica granite occupies
generally the ratio of 200-300.
1 3 8
JN.l JN.2 JN.3 JN.4 JN.5 JN.6 JN.7 JN.8 JN.9 JN.IO
Ni 3 4 3 5 5 4 5 4 5 5
Cr 12 19 17 23 22 20 22 21 22 20
Y 7 2 4 13 11 9 9 13 14 12
V 28 20 39 59 56 34 51 55 69 72
Zr 205 250 206 183 177 167 191 186 175 197
Nb 9 7 7 12 12 9 13 13 11 12
Rb 128 133 117 110 123 140 142 130 114 127
Sr 711 699 651 684 616 597 597 615 612 643
Th 16 21 22 16 15 19 18 20 16 17
K (X 1000) 32.12 35.52 29.13 28.97 28.55 31.37 28.39 29.38 23.24 22.41
Ca(X 1000) 18.22 15.15 20.30 24.59 24.44 19.87 20.01 23.66 31.59 25.80
Ti 2938 2758 3237 3957 3897 3057 3717 3837 4077 4436
P 741.9 523.7 829.2 872.8 829.2 654.6 785.5 829.2 929.2 960.1
K/Rb 251 267 249 263 232 224 200 226 204 176
Rb/Sr 0.18 0.19 0.18 0.16 0.20 0.24 0.24 0.21' 0.19 0.20
Ca/Y 2603 7575 5075 1892 2222 2208 2223 1820 2256 2150
Th/Nb 1.78 3.00 3.14 1.33 1.25 2.11 1.00 1.54 1.09 1.42
Nb/Y 1.29 3.50 1.75 0.92 1.09 1.00 1.44 1.00 0.79 1.00
K/Zr 157 142 141 158 161 189 149 158 133 114
Zr/Y 29.3 125 51.5 14.1 16.1 18.6 21.2 14.3 12.5 16.4
Ti /Zr 14.3 11.0 15.7 21.6 22.0 18.3 19.5 20.6 23.3 22.5
TABLE 3.6 Trace elements analyses (in ppm) of the Jurassic 
Nonsan-Daejeon granitic rocks
conti nued
1 3 9
JD.ll JD.12 JD.13 JD.14 00.15 JD.16 JD.17 JD.21 JD.22
Ni 3 3 2 3 2 2 2 2 2
Cr 13 15 9 13 11 19 12 16 14
Y 31 26 7 15 22 11 13 12 19
V 12 12 19 10 11 10 10 20 20
Zr 185 142 192 159 147 133 109 249 167
Nb 43 25 8 13 36 15 16 13 20
Rb 137 127 T56 183 136 168 138 114 1:20
Sr 403 499 560 522 398 480 564 309 648
Th 17 9 13 13 8 7 10 23 11
K (X 1000) 26.31 29.63 34.28 34:36 29.80 30.46 31.46 37.10 27.56
Ca(X 1000) 21.66 21.73 13.15 15.29 18.80 18.87 17.22 13.44 22.01
Ti 1439 1439 2278 1858 1379 1379 1199 1799 1559
P 392.8 436.4 480.0 392.8 436.4 392.8 292.8 392.8 436.4
K/Rb 192 233 220 188 219 181 228 325 230
Rb/Sr 0.34 0.26 0.28 0.35 0.34 0.35 0.25 0.39 0.19
Ca/Y 699 836 1879 10D9 855 1715 1325 1120 1158
Th/Nb 0.40 0.36 1.63 1.00. 0.22 , 0.47 0.69 1.77 0.55
Nb/Y 1.39 0.96 1.14 0.87 1.64 1.36 1.23 1.08 1.05
K/Zr 142 209 179 216 203 229 289 149 165
Zr/Y 6.0 5.5 27.4 10.6 6.7 12.1 8.4 20.8 8.8
T i/Zr 7.8 10.1 11.9 11.7 9.4 10.4 11.0 7.2 9.3
TABLE 3.6 (continued)
1 4 0
JN JD JN-JD
X S X S X S
Ni 4.3 0.8 2.4 0.5 3.4 1.2
Cr 19.8 3.3 13.6 2.9 16.8 4.4
Y 9.4 4.0 17.3 7.8 13.2 7.2
V 48.3 17.4 13.8 4.5 31.9 21.8
Zr 194 24 165 41 180 35
Nb 11 2 21 12 15.5 9.6
Rb 126 11 142 23 134 19
Sr 643 42 487 103 569 110
Th 18 2 12 5 15 5
K (X 1000) 28.91 3.87 31.22 3.47 30.00 3.78
Ca (X 1000) 22.36 4.63 18.02 3.48 20.31 4.59
Ti 3591 556 1592 331 2644 1120
P 786 122 417 32 611 209
K/Rb 229 29 224 43 227 35
Rb/Sr 0.20 0.03 0.30 0.06 0.25 0.07
Ca/Y 3002 1860 1178 400 2138 1636
Th/Nb 1.77 0.76 0.79 0.56 1.30 0.83
Nb/Y 1.38 0.80 1.19 0.24 1.29 0.59
K/Zr 150 20 198 46 173 42
Zr/Y 31.9 34.7 11.8 7.5 22.4 27.1
T i/Z r 18.9 4.0 9.9 1.6 14.6 5.5
TABLE 3.6a Arithmetical mean (X) and sample standard deviation (S) 
of trace element for the Jurassic Nonsan-Daejeon 
granitic rocks
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1 4 4
The concentration of Th is generally higher in the Nonsan granodiorite 
(mean value of 18 - 2ppm) than in the Daejeon two-mica granite (average 
of 12 - 5ppm). The Nb concentrations range from 7ppm to 43ppm with 
mean of 16 - lOppm. The contents of Nb are generally higher in the 
Daejeon two-mica granite (21 - 12ppm) than in the Nonsan granodiorite 
(11 - 2ppm). The plots of Nb - SiO  ^ and Nb - Rb show s lightly  positive 
relationships (F ig .3.10 and F ig .3.12, respectively). Th/Nb ratios also 
show differences between the Nonsan granodiorite and the Daejeon two- 
mica granite; i t  is greater in the former than in the la t te r  (1.77 - 0.76 
and 0.76 - 0.56 of average Th/Nb ratios, respectively). Ce concentra­
tions range from 87.72ppm to 237.2ppm with average of 128.8 -  56.36ppm.
The La and Ce contents increase with SiOg.
(c) HPS elements, REE, and Y
The Zr contents for the Jurassic Nonsan-Daejeon granitic rocks range from 
109ppm to 249ppm with a mean of 180 - 35ppm. The contents of Zr are 
higher in the Nonsan granodiorite (average of 194 - 24ppm) than in the 
Daejeon two-mica granite (mean of 165 - 41 ppm). Zr shows negative cor­
relations with SiOg (F ig .3.13), Y, Rb, and Nb (F ig .3.14). The plots of 
Zr-TiOg and Zr-Sr show positive trends. K/Zr ratios are high in Daejeon
two-mica granite (mean value of 198 - 46) re lative to the Nonsan grano­
d iorite  (average of 150 - 20). Hf contents in the studied area shows, 
l i t t l e  variation of 3.12ppm - 8.33ppm with mean value of 5.60 - 1.69ppm. 
Zr/Hf ratios are generally higher in the Nonsan granodiorite re la tive  to 
the Daejeon two-mica granite. The concentrations of Ta in the studied 
granitic  rocks range from N.D. to 1.8ppm. T i/Zr ratios are higher in 
the Nonsan granodiorite (average of 18.9 - 4.0) than in the Daejeon two- 
mica granite (mean of 9.9 -  1 .6). The concentrations of Y are higher in 
the Daejeon two-mica granite (17.3 - 7.8ppm) than in the Nonsan grano­
d iorite  (9.4 - 4ppm). The mean Y content for the area is 13.2 - 7.2ppm. 
The variation of Y contents in the Nonsan granodiorite is small, but in 
the Daejeon two-mica granite is large (F ig .3.13).
The REE abundance data for the 6 representative samples (4 from the 
Nonsan granodiorite and 2 from the Daejeon two- mica granite) have been 
normalised to the average chondritic abundances (Frey et al 1968), and 
presented in Table 3.7 and plotted in F ig .3.15. The chondrite-normalised 
REE patterns for the Nonsan granodiorite and the Daejeon two-mica granite 
yield very similar patterns (F ig .3.15) with steep negative slopes, l igh t
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JN.2 JN. 3 JN. 7 JN. 9 JD 17 JD 21 > an-1
La 71.13 69. 17 41. 33 48. 54 59 04 111. 52 66. 79 24. 77
Ce 137.23 121. 01 87. 72 93. 39 96 27 237 2 128. 80 56. 36
Nd 47.48 39. 35 35. 01 31. 82 29 02 73 23 42. 65 16. 31
Sm 5.98 4. 88 5. 34 4. 67 4 22 10 07 5 86 2. 15
Eu 1.44 1. 10 1. 27 1. 43 1 02 2 00 1. 38 0. 35
Gd 3.37 2. 65 3. 45 3. 92 2 .82 5 80 3. 67 1. 14
Tb 0.41 0. 31 0. 51 0. 58 0 41 0 90 0 52 0. 21
Tm 0.06 0. 06 0. 13 0. 22 0 16 0 18 0 14 0. 07
Yb 0.29 0. 26 0. 64 1. 20 0 94 0 99 0 72 0. 39
Lu ND ND 0. 08 0. 11 0 12 0 13 0 07 0. 06
Hf 6.23 5. 34 5J18 5. 42 3 12 8 33 5. 60 1. 69
Ta 0.12 0. 21 1. 03 ND 1 80 0 5 0. 61 0. 69
EREE 267.39 238. 79 175. 48 185. 88 194 02 442 02 250. 60 100. 10
La/Yb 245.28 266. 04 64. 46 40. 45 62 81 112 65 131. 97 98. 88
Ce/Yb 473.21 465. 42 137. 06 77. 83 102 41 239. 6 249 26 179. 17
Eu/Eu* 1.00 0. 97 0. 92 1. 00 0 87 0. 8 0 93 0. 08
(La/Sm)N 7.36 8. 61 4. 81 6. 26 8 68 6 67 7 07 1. 48
(Ce/Yb)N 120.04 118. 4 34. 8 19. 8 26 06 60 9 63 33 45. 50
(La/Yb)N 167.69 175. 00 54. 35 46. 03 50. 86 88. 16 97, 02 59. 51
Zr/Hf 40.13 38. 58 36. 87 32. 29 34 94 29. 89 35 45 3. 87
ECe 263.26 235. 51 170. 67 179. 85 189 57 434. 02 245 48 98. 99
EY 4.13 3. 28 4. 81 6. 03 4. 45 8. 00 5. 12 1. 68
EREE : total concentration of REE
Eu* : Eu value derived by interpolation between Sm and Gd
N : chondrite normalised value
ECe : sum of light REE (La to Eu)
EY : sum of heavy REE (Gd to Lu)
TABLE 3.7 Rare-Earth Elements analyses (in ppm) of the Jurassic 
Nonsan-Daejeon granitic rocks
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REE enrichment and an occasional, slight negative Eu anomaly. Both the 
Nonsan and Daejeon granitic rocks are characterised by high total REE 
(250 - 100.1 ppm). The occurrence of Eu anomalies, which would be ex­
pected from feldspar fractionation, are absent in the Nonsan-Daejeon 
granitic  rocks. The studied granitic rocks show ligh t REE enrichment 
and heavy REE depletion with (Ce/Yb)N ratio of 19.8 - 120.4. Strongly 
fractionated REE patterns and the absence of Eu anomalies in the Nonsan- 
Daejeon granitic rocks agree with the average for Precambrian metasedi- 
mentary rocks (Shawetal 1976); heavy REE depletion is thought to have 
occurred by hornblende and/or garnet fractionation during differentiation  
(Hanson 1978). The abundances of incompatible elements in the Nonsan- 
Daejeon granitic  rocks, normalised to an estimated undepleted primordal 
mantle composition (Shaw 1972), are il lus tra ted  in F ig .3.16, which re­
veals that the granitic rocks are characterised by strong enrichment of
Rb, Th, K, Nb and Ce re lative to Ta, P, Ti and Y.
(d) Compatible elements
The Ni concentrations for the studied area range from 2ppm to 5ppm (mean 
value of 3.4 -  1.2ppm). The contents of Ni are higher in the Nonsan 
granodiorite (mean of 4.3 -  0.8ppm) than in the Daejeon granite (average 
of 2.4 - 0.5ppm). The plot between Ni and SiOg shows a negative cor­
relation (F ig .3.13). The Cr contents in the studied area range from 
9ppm to 23ppm (mean of 16.8 - 4.4ppm). The concentration of Cr is 
generally higher in the Nonsan granodiorite (19.8 - 3.3ppm) than in the 
Daejeon two-mica granite (13.6 - 2.9ppm). F ig .3.13 shows a negative re­
lationship between Cr and SiOg. The Nonsan granodiorite can be dis­
tinguished from the Daejeon granite by its  very high V concentrations 
(48.3 - 17.4ppm and 13.8 - 4.5ppm, respectively). The plot between V
and SiOg shows a good negative trend. The contents of V in the Nonsan
granodiorite decrease from NE to SW in the studied area.
3.7 Mineral geochemistry
3.7.1 General statements
The mineralogical assemblages described petrographically in previous 
sections 3.3 - 3.4 are here further defined in terms of chemical com­
positions and chemically determined crystallisation histories. The 
mineral geochemistry of 7 representative samples from the Nonsan-Daejeon 
granitic rocks was studied, using the energy dispersive electron microprobe
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at the Department of Earth Sciences, University of Cambridge. The ana­
ly t ica l results are presented for a lkali-fe ldspar, plagioclase and bio- 
t i te (Table 3.8 -  3.11). Analytical techniques on the accuracy of 
precision of analysis are described in Appendix 1.4. No previous work 
on the mineral geochemistry from the area has been reported.
3.7.2 Chemistry of a lkali-fe ldspar and two-feldspar geothermometry
Perth itic  a lkali-feldspars are abundant in the Nonsan granodiorite re­
la t iv e  to the Daejeon two-mica granite as described in the previous petro­
graphy section. Analytical results for the exsolved alkali-fe ldspar are 
given in Table 3.8. The number of cations and Na"^  in the a lk a l i -  
feldspar and plagioclase does not show any continuous trend. A technique 
for determining geological temperature based on the distribution of the 
a lb ite  component between the two co-existing feldspars is of great 
practical significance, and details of this geothermometer are described 
in Stormer (1975), Powell & Powell (1977), recently in Brown & Parsons 
(1981), and see previous Chapter (Section 2 .7 .2 ).
Analytical results of perthites from the Nonsan-Daejeon granitic rocks 
are plotted on the graphical geothermometer (Stormer 1975). F ig .3.17 
i l lu s tra te s  that the temperature of cessation of exsoTution in perth itic  
alkal i-feldspars was about 400°C at an assumed pressure of 2 Kbar 
(Stormer op c i t ) . The graphical representation of geothermometer i l ­
lustrates that the perthites plot in a small range which shows only 
l i t t l e  temperature variation over the studied area. Using Powell & 
Powell's geothermometer (1977), calculated temperatures for cessation of 
exsolution in perth itic  alkali-feldspars from the Nonsan-Daejeon granitic  
rocks remain within a generally narrow range of 384°C ~475°C at 3 "5 Kbar 
pressure which was assumed by normative Q-Ab-Or study.
The origin of perthite was discussed by Tuttle & Bowen (1958), who des­
cribed the solid solution series and found unmixing of albite-orthoclase  
takes place around 400°C which, in fact, is well below the granite solidus 
Much subsequent research on the alkali-feldspars has concentrated on the 
structural state, especially the order-disorder relationships. Ragland 
(1970) analysed sixty microcline perthites from a single batholith in 
central Texas. He discovered that the degree or ordering in the fe ld ­
spars was d irectly  related to the Differentiation Index of the whole rock 
as well as with the orthoclase proportion of the potassic phase.
152
00 CD 00 00 DCD o CXJ 00P CO CD 1 CXI LO
CD 'd- CO o DCVI LT) CXI CDc\j
C=l
"-D O 00 00 •d* CO COCD o CO CO «d"U_ o «d- o "d"< 1 1
"d" CD o o LO D
CO CD
O 00 CXI CO
CD CO 'd- 00 CXJ
P LD CXI CD CO LO
Q. 1 1
CD LO CO o D
CO cxj CD'—
Q
O CO CD D 1^o LO CO CXI
Li_ CO LO CO CD o
C 1 I
00 o o LO CD
CO ' CD
*d" CD 00 00 CO CO
•d- *d- CO LO o CXJ
_J CO CXI LO
CL 1 o 1
o CO 00 o CD
CO CXI CD
CO
z CO «d- CO r~. CO D
CO LO <d* CO
u_ CO CXI 00
< 1 1
LO 00 o o LO CD
CO ' CD
CXI 00 LO CXI CD CO D
00 LO *d- CO 00 o
p CO LO CXI CD 00
CL 1
o «d" o CO o D
CO CXI CD
LO
z
r>H CO CD CO CD
o CXI 00 LO •d*
Ll CO CO o
< 1 1
«d- CD o «d- o
CO o
00 00 CO o LO CD CXJ
o CO CXI CXJ CXI CD
p ro «d- CXJ o CXI
CL 1
o CO 00 o o
CO CXJ o
'—
Z
CO CD CO o CXI
LO CXI CD CO CO CO
Ll CD LO o o
c 1 1
CO 00 o o LO CD
CO ' CD
«d- o o CD D
CXI CD LO CD CO
p 00 CO CO 00 LO CXI CXI
CL 1
CO o 00 o CD
CO CXJ CD
•
z ,_ 00 o LO o
CO CO CO CD o
Ll CD CXI CO 00 CO 00
ct 1 1
CO o o LO CD
CO •— CD
COP
CXI o o m3
o CXI o o o CXJo p
CU 03 03 n3 CXJ o
GO < Ll (_) CO z h-
QJ
CD
O
00
c
o
■o
OJ
-t->
fO
fCu
o «d- LO CD LO
• 00 CM
CO co CO LO CD
CXI •— CD o CD
CD 00 CD CD
CO CD 00
CD o o CD 00
1 1
CXI CD CD CD
CO LO
CO CO CO LO CD
CO CO CO LO CD
1 1
CXJ o CD CD
LO LO oo
D o 00 CO
CD o CD CD CO
1 I
CXJ ' CD CD CD
CO CXI o LO CM
00 CD CD
CM CM CD
CXJ CD CD o
<d" CM LO 00
o o CD LO CD
o o CD CD 00
CO CD CD CD
LO o LO CD o CD
o D o CD CD
CM o CM LO CD
CXI o CD o CD
o CM CO CD
<d" o LO
CD o o r ~ 00
CXI ' o CD CD
LO CO CD r>.
o CD 00 CD
CM o CM LO CD
C\J ■“ CD CD CD o
r-. o LO LO LO
CO CM LO CD
CD o CD CD 00
CXJ o CD o
CO CO CM LO LO
CO CO CO «d"
CM o CM 1 CD
CXJ * - CD CD CD o
CO r-^ LO CD
o CD CD 1 ^ CD
o D CD CD CD
CO o CD CD CD
cu rO ro «3
GO 5 ÜL CD CO z XdC
</)
o
s
o
4->
c:rtj
&_
CD
C0
OJ‘r~i
01Itso
I
c(O
U)
c
o
n3
$-
3
O)
_ c
■p
s-
s-(tJQl
CO
-a
"oj
fO
_ c
-p
s-
<u
CL
CO
CU
CO
> >
fO
cfO
(U
JD
CL
O
s_
o
c
2
•p
o
cu
00
ro
CÛcc
153
100
Mole 7o of 
Abin PL
, §
P = 2 Kbars:
(a f te r  STORMER, 1975)
40302010
Mole 7o of Ab in AF.
FIGURE 3.17 Coexisting alkali feldspar-plagiocase 
geothermometer diagram at assumed 
pressure of 2 Kbar.
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Mineral %Na %K T°C
1Kb 3Kb 5Kb 7Kb lOkb
JN.l
AF 0.075 0.909
387 406 426 445 473
PL 0.745 0.015
JN.4
AF 0.066 0.896
366 384 403 421 449
PL 0.689 0.007
JN.5
AF 0.103 0.869
434 455 475 496 526
PL 0.690 0.010
JN.6
AF 0.068 0.897
368 387 405 424 452
PL 0.706 0.012
JD.17
AF 0.084 0.888
411 431 451 471 501
PL 0.666 0.007
JD.22
AF 0.070 0.889
375 394 413 431 459
PL 0.670 0.016
T(K) =
- X K{AF) [6330 + 0.093 P + 2 Xfjg,^pj{1340 + 0.019 P)]
R InKD + 4.63 + 1.54
(a fter Powell & Powell 1977)
R = 1.9872 Cal
kd=!îühl
*Na(PL)
TABLE 3.9 Temperatures of cessation of exsolution at the various
pressures for the Jurassic Nonsan-Daejeon granitic rocks
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According to Ragland (1970), exsolution can take place either by a f i r s t  
order reaction involving change in volume and entropy, or by a second 
order reaction involving changes only in specific heat and compressibility 
requiring no breakdown of the original structure and no new nucléation.
The importance of this study in relation to the petrogenesis of granite 
is due to the fact that i t  relates the type of equilibrium/metastable 
transformation to the water fugacities (where exsolution is nearly com­
pleted). Ragland (op c i t ) suggests that a high water content has cata­
lysed the transformation. Temperature-estimates (Stormer 1975; Powell 
& Powell 1977) suggest re-equilibration of feldspars down to quite low 
temperatures as in the Nonsan-Daejeon granitic rocks. The temperature 
for cessation of exsolution in perthites for the studied area might have 
been affected by in f i l t ra t io n  metasomatism (which is consistent with 
multi-stage growth of K-feldspar megacrysts) with high water content 
which obscures the real temperature of exsolution. This is also well 
demonstrated in the amount of corundum (F ig .3.9) which is considered to 
be the result of a post-consolidation upset in the elemental proportions 
in rock, and also, possibly by percolating groundwaters.
3 .7 .3  Chemistry of plagioclase
As described in the previous petrography sections, the majority of eu- 
hedral plagioclases from the Nonsan-Daejeon granitic  rocks show well 
developed twinning. Also, some plagioclases exhibit oscillatory zoning 
and are altered to sericite at zonal boundaries. Twinned plagioclases 
are analysed and presented with structural formulae in Table 3.10.
Numbers of cation Ca^  ^ in plagioclase are higher in the Daejeon two-mica 
granite than in the Nonsan granodiorite (F ig .3.18); numbers of cation 
alkalies in plagioclase are higher in the la t te r  than the former. The 
variation of cation Si^^ shows a l i t t l e  difference, such as 2.635 - 2.766.
Plagioclase shows a total compositional range An 24 - 30 for the Nonsan 
granodiorite and An 32 - 37 for the Daejeon two-mica granite (Table 3.10). 
Plagioclase in the Nonsan granodiorite shows high cations of alkalies and 
low Ca** re la tive  to the Daejeon two-mica granite. But, the whole-rock 
geochemical results show that the Daejeon two-mica granite is more evolved 
than the Nonsan granodiorite (F ig .3 .8 ) , imterms of magmatic d iffe ren tia ­
tion. This is mainly because of the fact that the abundance of plagio­
clase in the Nonsan granodiorite (38% in modal volume) is higher than in 
the Daejeon two-mica granite (29% in mode).
1 5 6
JN.l JN.4 JN.5 JN.6 JD.ll JD.17 JD.22
SiOg 62.385 61.238 62.287 59.943 58.846 60.502 60.210
AI2O3 23.547 24.769 23.998 25.995 . 25.801 24.972 25.732
FeO(t) - - 0.125 - - - -
CaO 5.005 6.585 5. 559 5.984 7.769 6.708 7.189
NagO 8.748 8.086 8.305 8.263 7.187 7.739 7.555
KgO 0.259 0.139 0.198 0.138 0.098 - 0.151
Total 99.943 100,817 100.472 100.323 99.699 99.921 100.837
Recalculated on 8 oxygens
Si 2.766 2.703 2.749 2.659 2.635 2.691 2.661
Al 1.231 1.289 1.249 1.359 1.362 1.309 1.340
Fe - - 0.005 - - - -
Ca 0.238 0.311 0.263 0.284 0.373 0.320 0.340
Na 0.752 0.692 0.711 0.710 0.624 0.667 0.647
K 0.015 0.008 0.011 0.008 0.006 - 0.008
Mole proportion (%)
Or 1.5 0.8 1.1 0.8 0.6 - 0.8
Ab 74.8 68.4 72.2 70.9 62.2 67.6 65.0
An 23.7 30.8 26.7 28.3 37.2 32.4 34.2
TABLE 3.10 Plagioclase analyses for the Jurassic Nonsan-Daejeon 
granitic  rocks
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3.7.4 Chemistry of b io tite
The analytical results and structural formulae of biotites from the 
Nonsan-Daejeon granitic rocks are given in Table 3.11. The Al^O  ^ - 
total iron - MgO ternary diagram is plotted in F ig .3.19, which shows that 
MgO in b io t ite  crystals varies considerably. The content of MgO in 
b io tite  is higher in the Nonsan granodiorite re la tive  to the Daejeon two- 
mica granite. Ionic Mg/(Mg + Fe) ratios show that the ratios are 
higher in the Nonsan granodiorite. Ionic Fe/(Fe + Mg) ratios are higher 
in the Daejeon two-mica granite, although within each pluton the ratios  
show a l i t t l e  variation.
3.8 Discussion and conclusions
The Jurassic Nonsan and Daejeon granitic rocks are subsol vus granitic  
rocks, consisting of two-feldspars, quartz and b io tite . These granitic  
rocks show considerable variation in texture and mineral components:
(1) the Nonsan granodiorite is a medium to coarse grained and s lightly  
fo lia ted  porphyritic granodiorite with megacrysts of K-feldspar which 
may have been formed during metasomatism*, and (2) the Daejeon two-mica 
granite is a strongly fo liated and medium grained two-mica granite.
The Nonsan and Daejeon granitic rocks were deformed to form schlieren and 
schistosity in which the early phase of aplite  became t ig h tly  folded.
This suggests deformation while the complexes were s t i l l  hot (syntectonic 
intrusion) during the Daebo orogeny - mid to late Jurassic (see Fig.1.2b).
In terms of nomenclature of Chappell & White (1974), there is a marked 
distinction between the Nonsan granodiorite and the Ddejeon two-mica 
granite: ( 1) the former shows a broad compositional spectrum in major
and trace elements, sphene, high Ca and Na/K*, (2) the Daejeon two-mica 
granite exhibits most of the diagnostic features of "S-type" by re­
stricted range of granitic composition and two-micas. The character­
is t ic  differences between the two intrusions may re flec t differences in 
the parental magma or in crystallisation path (e.g. mixing or assimila­
tion) .
Both these syntectonic granitic rocks show very similar patterns in REE, 
although considerable differences in major and trace elements: (a) they
show enrichment in LREE re la tive  to HREE with steep slope with average 
(Ce/Yb)N ra tio  being 63.33 (see F ig .3.15); (b) they present no significant
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JN.l JN.4 JN.5 JN.6 JD.ll JO.17 JD.22
SiOg 35.627 36.371 36.823 36.629 34.789 35.668 35.042
AlgOj 15.010 14.784 15.173 ,15.327 16.128 16.990 17.493
TiOg 3.214 2.045 1.844 2.015 2.670 2.990 2.763
FeO(t) 21.120 20.494 20.489 20.339 23.949 23.846 22.194
MgO 8.986 10.508 10.591 10.185 6.378 6.720 7.204
MnO 0.210 0.265 0.278 0.346 0.598 0.833 0.247
CaO - - 0.087 - 0.115 0.172 0.153
KgO 9.537 9.537 9.485 9.672 9.455 9.670 8.796
Total 93.704 94.004 94.770 94.512 94.081 96.889 93.892
Recal dulated on 11 oxygens
Si 2.800 2.836 2.841 2.837 2.767 2.746 2.744
A1 1.391 1.359 1.380 1.399 1.512 1.542 1.615
Ti 0.190 0.120 0.107 0.117 0.160 0.173 0.163
Fe 1.388 1.336 1.322 1.317 1.593 1.535 1.454
Mg 1.053 1.221 1.218 1.175 0.756 0.771 0.841
Mn 0.014 0.018 0.018 0.023 0.040 0.054 0.016
Ca - - 0.007 - 0.010 0.014 0.013
K 0.956 0.949 0.934 0.956 0.959 0.950 0.879
Ionic Mg/(Mg+Fe) 43.13 47.74 47.95 47.16 32.18 33.43 36.65
Ionic Fe/(Mg+Fe) 0.70 0.66 0.66 0.67 0.79 0.78 0.75
TABLE 3.11 Analyses of biotites from the Jurassic Nonsan-Daejeaon 
granitic  rocks
1 5 0
TOTAL IRON
AI2O3
50 50
MgO50
76 7872 74706866
IONIC 1 0 0 x F e / ( F e  + Mg)
FIGURE 3.19 AI2O3- total iron - MgO and inter-element diagrams for 
biotites in the Nonsan-Daejeon granitic rocks.
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Eu anomalies (Eu/Eu* = 0.93); and (c) they show high total REE (about 
250ppm). These REE and trace element features can be discussed in relation  
to hypotheses about the origin of the Nonsan and Daejeon granitic rocks.
Hornblende fractionation could account for the pattern of REE d is t r i ­
butions in the studied granitic rocks, the important feature of hornblende 
being the high partition coefficient for HREE and the fact that hornblende 
develops a negative Eu anomaly in equilibrium with s i l ic ic  liquids (Arth 
& Barker 1976). Thus, extensive hornblende fractionation should yield  
residual liquids with HREE depletion and positive Eu anomalies. Garnet, 
also, is potentia lly  capable of reproducing the same REE features. Tarney& 
Saunders (1.979); suggested that either hornblende fractionation or partial 
melting of a garnet amphibolite mafic source at high water pressures was 
capable of accounting for the geochemical features of Lewi si an gneisses 
which show similar REE patterns -to the Nonsan-Daejeon granitic rocks (see 
Fig .3.15 for average Lewi si an to n a lit ic  granulite REE pattern). I f  the 
Archaean to n a lit ic  gneisses were the parental source for the Nonsan and 
Daejeon granitic  rocks, at least 10% of melting is needed to produce the 
granitic  rocks. However, i t  is unrealistic to assume such a large
volume of to.nalitic granulite in the lower crust. The Nonsan-Daejeon
2
granitic rocks cover 1,200km (see location map in F ig .3 .2 ). I f  2km
3
depth of the granitic rocks is assumed, the ir  volume would be 2,400km .
3
Then, 24,000km of the to n a lit ic  granulite should be needed to produce 
the granitic  rocks as the result of 10% partial melting, which could be 
represented by a block of 29km on a side. Due to the large dimensions 
involved, i t  is l ik e ly  that the parent may consist of a number of different  
rock types. Drury (1978) has also shown that model melting of garnet 
amphibolites, garnet granulites, and eclogites of various types produce 
indistinguishable REE patterns in the melts. Large depletion of HREE 
and Y, and high CaO and AlgOg in the studied granitic rocks is similar to 
an Archaean basement rock trend. The chemical characteristics of such a 
crustal component would include low NagO, HREE, Y, Zr and High Sr. Most 
Archaean gneisses, both granulite and amphibolite facies, clearly have 
high Ce/Y ratios (Tarney & Windley 1977). I t  is also evident that many 
of the s i l ic ic  gneisses have very low Y contents, indicating significant 
HREE depletion as is common in many tonalités, trondhjemites and quartz 
monzonites from Archaean greenstone belt terrains (Arth & Hanson 1975).
The role of feldspar minerals is clearly of great importance in any of
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the above mentioned evolutionary models involving Sr, Rb and Eu. Thus, 
i t  could be argued that plagioclase fractionation (either by fractional 
crystallisation and separation of plagioclase or by the separation of a 
magma from a plagioclase-rich residue) must have played a signficant part 
in the development of the Nonsan and Daejeon granitic rocks. But they 
are markedly enriched in Sr (569ppm) and Eu (l.SBppm) re la tive  to K and 
RbMndicatesthat no feldspar can have played such a part in the evolution 
of these granitic  rocks. Both Sr and Eu would be strongly partitioned 
into crysta llis ing a lka li feldspar and plagioclase respectively.
Krauskopf (1967), for example, quotes 285ppm as average value for Sr in 
grani tes.
Tarney & Windley (1979), discussing the re la tive ly  high concentrations of 
Sr in Lewisian granulites when compared with recent volcanic rocks of a 
similar range of compositions, proposed that deep-crustal fractionation 
of hornblende under conditions of high PHgO gave rise to predominantly 
to n a lit ic  rocks with a d istinctive chemical signature involving high Sr. 
Subsequent granulite-facies metamorphism would tend to strengthen their  
Sr-rich character as the fugitive  elements K, Rb, Th and U were depleted 
(Moorbath et al 1969; Heier 1973b). This depletion is thought by many 
workers (Tarney & Windley 1977, 1979; Hamilton et al 1980) to be the 
result of partitioning of these elements into a metamorphic f lu id  phase 
removed during granulite facies dehydration. Other authors (O'Hara 
1977; Pride & Muecke 1980) suggest the generation of the granulites was 
associated with the removal of a melt phase.
In relation to the present discussion, the possibly unique chemical 
nature of the granulite facies gneisses offers an opportunity to test 
models of crustal origin for the Nonsan-Daejeon granitic rocks - with 
high Sr and low K, Rb and U, possibly inherited from the granulites.
As stated earlier^^high level of Sr indicates that plagioclase and alkali  
feldspar can not have remained as substantial components of melting 
residuum, nor can s ignificant volumes of either mineral have separated 
from ascending magma. Rb, which should partition into liquids very 
e ff ic ie n t ly  during melting (re la tive  to Sr), seems unexpectedly low in 
the granitic  rocks, with Rb/Sr ratio (0.25) as low as those of the Pre- 
cambrian granulites. This feature suggests the av a i la b il i ty  of only 
small amounts of Rb during the melting process i ts e l f .
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For example, the chemical contents of a Lewisian metasedimentary rocks- 
amphibolite facies grey gneiss (Cunningham 1981) is presented in Table 3.12 
and F ig .3.20. Enriching Rb from 88ppm of the Lewisian gneiss to 126ppm 
(for JN) and to 142ppm (for JD) and other trace elements modelling 
(Hanson 1978) would require about 60-70% partial melting (anatexis) of 
the Lewisian gneiss to produce the Nonsan-Daejeon granitic rocks, i f  the 
source region for the granitic rocks is assumed chemically similar to the 
Lewisian metasedimentary rocks.
The differences between the Nonsan granodiorite and Daejeon two-mica 
granodiorite in mineralogy, major and some trace elements, can be explained 
by:
(a) The former may be mixed with immature sediments (e.g. volcanogenic 
greywacke) in the Ogcheon geosyncline, from which an "I-type" 
tendency is shown, e.g. by the presence of sphene;
(b) the presence in some Nonsan granodiorite of xenolithic material 
which is c learly  gabbroic rocks, which often display extensive de­
grees of assimilation. The elongation of these xenoliths is a 
l i t t l e  disrupted and sharp edges and corners on xenolith blocks 
suggest re la t iv e ly  local derivation - the xenoliths are not neces­
sari ly  representative of the source of the Nonsan granodiorite.
However, the fact that assimilation is seen suggests the possibility  
that this process may account for some of the crustal character of 
the granodiorite;
(c) the Nonsan granodiorite has undergone d ifferentia tion a fter  either 
mixing or assimilation.
The granitic  rocks in the studied area have undergone post-crystallisation  
metamorphism and metasomatism superimposed on an original igneous assem­
blage, which is well demonstrated by mineral geochemical study, especially 
the temperature of cessation of exsolution in perth itic  a lka li-fe ldspar.
The calculated temperatures for cessation of exsolution remain within a 
generally narrow range of 384^C ~ 475°C at assumed pressures of 3 - 5 Kbars. 
These low temperatures could have been the result of metasomatism with 
high water content during the Daebo orogeny. Since the Nonsan-Daejeon 
granitic rocks show abundant evidence of recrystallisation, such as myrme- 
k ite , which continued to a late stage in their emplacement history, i t  is 
not surprising that the feldspars continued to re-equilibrate down to
164
A. Approximate modal composition of granitic rocks and gneisses (vol.%)
JN JD GG* PXG*
Qz 33.3 35.5 13.5 12
Or 14.5 26.1 16.3 5
PI 38.2 29.6 53.3 45
Hb - - 17 38
Bt 11.2 5.7 - -
B. Trace element concentrations (ppm)
Rb 126 142 88 8
Sr 643 487 500 451
Ce 110 167 58 45
Eu 1.31 1.51 1 1
Yb 0.60 0.97 1.5 1.5
GG* : grey gneiss (amphibolite facies)
PXG* : pyroxene granulite
(Analytical data from Cunningham 1981)
TABLE 3.12 Selected modal composition and Nonsan-Daejeon granitic  
rocks and Lewisian metasedimentary rocks
1 6 5
200
JN-JD
100
GG50
Q
CL
CL
0.5
Rb La CeSr Eu Yb
JN - JD : Jurassic Nonsan and Daejeon granitic rocks 
GG : grey gneiss (a fte r  Cunningham 1981)
FIGURE 3.20 Incompatible element abundances in the JN - JD
and GG, normalised to estimated primordial mantle 
abundance (Shaw 1972).
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temperatures well below those which could be considered to re flect igneous 
conditions. The Jurassic Nonsan-Daejeon granitic rocks apparently belong 
to the Hercynotype, as defined by Pitcher (1979). In the Ogcheon Fold 
Belt, water could have been made available by the dehydration of the micas 
during regional metamorphism (Daebo orogeny) and by the geosynclinal en­
vi ronment.
Conclusions
1. The Nonsan and Daejeon granitic rocks are calc-alkaline subsol vus 
granodiorite and monzogranite, respectively;
2. These syntectonic granitic rocks are fo liated with N20° - 30°E 
direction which is parallel to the Ogcheon Fold Belt;
3. The granitic  rocks are derived from about 50-70% partial melting 
(anatexis) of the Precambrian basement which is assumed to be 
similar to the Lewisian gneiss - "S-type" granite (Chappell &
White 1974). The heat source to melt (50-70% melting) the Pre­
cambrian gneiss was easily available from the closing of the Ogcheon 
basin together with microcontinental collision (Daebo orogeny);
4. Mixing of immature crustal sediments (e.g. volcanogenic greywacke 
in the Ogcheon basin) or assimilation by xenoliths might be a 
possible explanation for distinctive mineralogy and major-trace 
element in the Nonsan granodiorite;
5. Recrystallisation has been undergone both granitic rocks frorr 
evidence of the two-feldspar geothermometer and mineralogy (micro- 
cline and myrmekite).
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C H A P T E R  4 
THE CRETACEOUS PALGONGSAN GRANITE (CP)
4.1 Introduction
In the Korean peninsula, following the Triassic Songlim disturbance 
marked by granitic  intrusions in North Korea (see F ig .1 .6 ),  the Jurassic 
Daebo orogeny took place in association with further fe ls ic  magmatism 
(Kim 1974; Lee 1974b). The Cretaceous period was characterised by non­
marine, te rres tr ia l sedimentation, which was accompanied by volcanism in 
the Gyeongsang sedimentary basin (F ig .4 .1 ). The sedimentation was te r­
minated by the late Cretaceous climactic volcanism and granitic magmatism 
(Lee op c i t ). The volcano-sedimentary pile is known as the Gyeongsang 
supergroup (Chang 1975), which is about 9,000m thick, and is divided into 
three groups based on the volcanic constituents. The lower part of the 
supergroup is exclusively composed of non-Volcanic detritus, whilst the 
middle part is characterised by a mixture of non-volcanic and volcanic 
sediments. The upper part consists predominantly of pyroclastics and 
volcanic flows (Changop c i t ) . The bulk of the Gyeongsang sedimentary 
sequence has been interpreted as fluv ia l or lacustrine deposits on the 
basis of sedimentary studies and fossils , except the lower part which 
indicates an a lluv ia l fan origin (Choi 1979). Such an interpretation is 
further supported by the pressence of some vascular plant fossils  
(Tateiwa 1929) and remains of molluscs (Tateiwa op c i t ; Kobayashi & 
Suzuki 1937; Yang 1976, 1979), ostracods, and estherians indicating non­
marine environments.
Igneous a c t iv ity  in the basin is divided into volcanism, plutonism and 
hypabyssal intrusion, most of which took place in the southern part of 
the basin (F ig .4 .1 ).  In composition, the pyroclastics generally range 
from rh yo lit ic  to dacitic , whereas volcaniclastics and flows range from 
rhyo lit ic  to andesitic compositions. Following the volcanism, plutonism 
occurred generally along the weak zones in NNE direction as batholiths 
and smaller scattered plutons in oval or e l l ip t ic a l  shapes. The Plu­
tonic rocks show a range from diorite  and quartz d io rite , through grano­
diorite  and granite to a lkali-fe ldspar granite (Jin et al 1981).
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FIGURE 4.1 General geology of the Gyeongsang sedimentary basin 
with the studied area.
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The Cretaceous Palgongsan granite of this study is located in the NW part 
of the Gyeongsang sedimentary basin (F ig .4 .1 ) ,  and is exposed over an 
area of approximately 240 square kilometres (24km x 10km); i t  has an 
oval shape in plan and is moderately elongated in%60°W direction 
(Plate 4.2a). The highest peak in the studied area is Mt Palgong which 
is 1,192 metres above sea level. The accompanying stratigraphie and 
sample location map (F ig .4.2) shows the geology surrounding the sampled 
section of the Cretaceous Palgongsan granite. The studied area was pre­
viously mapped otl :50,000 scale by Tateiwa (1929), and o.-t 1:250,000 scale 
by the Geological and Mineral Institu te  of Korea (1973). The age of the 
Palgongsan granite has been radiometrically dated as 73 Ma by K/Ar method 
on potassium feldspars (Kim 1971a).
4.2 Field relations
The sedimentary rock types of the Gyeongsang supergroup in the studied 
area (F ig .4.2) consist of the lower Nagdong group, upper Nagdong group 
and lower S i l la  group (Chang 1978). The lower Nagdong group, which is 
distributed in the NW marginal part of the studied area, is composed of 
dark to l ig h t grey sandstone, shale, mudstone, arkosic sandstone, con­
glomerate,coaly shale and purple shale. The upper Nagdong group is 
characterised by dark to l ig h t grey sandstone, shale, mudstone and black 
shale, brown conglomerate, purple tuffaceous sandstone, and purple shale. 
The lower S i l la  group, which is distributed at the SE part of the area, 
consists of brown and purple conglomerate, sandstone, and shale.
In general, the sedimentary rocks show N40°-60°E strike and 15^-30°SE
dip directions. : The Hagbong volcanic member (see stratigraphy in
Fig .4.2) was extruded upon the sedimentary rocks; i t  mainly consists of 
tuffaceous andesitic rocks interbedded with the sedimentary rocks.
Since the lithofacies on both sides (N and S) of the Palgongsan granite 
are quite persistent, an abrupt lateral facies change is envisaged to 
have taken place somewhat within the v ic in ity  of the pluton. In the 
north side of the Palgongsan line (see Fig .4 .3 ) ,  the conglomerates are 
not so coarse-grained nor do they form such a thick and d istinct con­
glomerate unit, being limited to a few pebbly horizons. Any explanation
about the origin of this lithological break should satisfy the following 
points: ( 1) quite a long geologic time is involved in the deposition of
the Palgongsan in terval; (2) a d ifferentia l subsidence is deduced from
(2)
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figure 4.2 Stratigraphy and sample location map of the Cretaceous Palgongsan 
granite.
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PLATE 4.1 The contact between the Palgongsan 
granite and the sedimentary rock 
(brown to purple sandy shale) which 
is thermally metamorphosed to horn- 
fels. The above two phases of 
aplites (20cm wide) were intruded 
after the hornfels (photo taken 3km 
SW of CP.9).
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the thickness difference between the south side sequence and north side 
sequence, and (3) dominance of conglomerate and red-bed facies in the south 
and dominance of fine-grained facies characterised by euxinic lithotypes 
to the north of the Palgongsan line  (F ig .4 .3 ). Chang (1978) proposed a 
growth-fault model to explain the abruptness of the lithological change 
along the Palgongsan line. According to this model, the Palgongsan line  
is à latent surface projection of the Palgongsan growth fa u lt ,  along which 
block movements occurred while sedimentary and volcanic depositions pro­
ceeded. The natural corollary is that the Palgongsan growth fa u lt  was a 
hinge fa u lt .  The interference of faulting appears to be supported by a 
possib ility  that the Palgongsan granite intruded along that fau lt  (see 
Fig.4.3a and Fig .4 .3b).
The contact between the Palgongsan granite and the country rock is sharp 
and steeply inclined (Plate 4 .1 ) .  The contact zones are thermally meta­
morphosed to hornfelsi, which range about 1- 1. 5km in width from the 
granite body. The Palgongsan granite is generally a medium grained 
porphyritic granite which is composed of quartz, feldspars, b io t ite , and 
hornblende (Plate 4.2b). The grain size of the granite increases from 
the marginal to the central part of the pluton; fine grained (equi- 
granular) b io tite  rich granite with intermediate volcanic xenoliths occur 
at the margin, whereas the central part of the pluton is medium grained 
and xenolith-free. Finer-grained margins of plutonic bodies have tra ­
d it iona lly  been considered to result from ch il l in g . The fine grain size 
results from loss of heat to the wall rocks, which causes temperatures 
to f a l l  more rapidly in the marginal part of the magma than in the in ­
te r io r ,  promoting the formation of abundant new nuclei and shortening 
their growth time and, consequently, the ir  size before they so lid ify  to 
form the marginal rocks. Andesitic xenoliths and tournaii ne veins are 
numerous at the margin (Plate 4.3a). The rounded shape of the xenoliths 
implies that the xenoliths are digested by granitic  melt.
The principal ore minerals in the Chilgog mine, which is located in NW 
of the Palgongsan granite (see F ig .4 .2 ) ,  are Au, Ag, Pb and Zn-bearing.
The mineralisation is controlled by the structures such 
as fissures, cracks and faults parallel with N40°W strike and 75 -85 NE 
dipping jo in ts . About 700 jo ints have been measured from four different 
areas (F ig .4 .3a).in  the Cretaceous Palgongsan granite.
1 7 3
% 4;'
PLATE 4.2a A general view of the Cretaceous Palgongsan
granite which is elongated with N6Q0W direction, 
(photo taken from sample location CP.7).
w
PLATE 4.2b A typical hand specimen from the central part of 
the Cretaceous Palgongsan granite shows medium 
grained mineral compositions.
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FIGURE 4.3 Tectonic subdivisions and Palgongsan line 
of the Gyeongsang sedimentary basin 
(modified a fter  Chang 1975).
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PLATE 4.3a Round shape and small size andesitic xenoliths in 
marginal part of the Cretaceous Palgongsan 
granite (CP.9 area).
0
PLATE 4.3b Vertical joints are seen at sample location CP.12 
in the Palgongsan granite.
1 7 6
©  190
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260
170
Km
FIGURE 4.3a Four d ifferent areas of the Palgongsan granite where 705 joints  
are measured for this study. Numbers represent number of 
jo ints measured in each area.
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FIGURE 4.3b South pole projection of poles to jo in t planes from 
the Cretaceous Palgongsan granite. The areas 
(A), (B), (C) and (D) are seen at the location map 
in F ig .4 .3a.
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The jo in t  patterns of the studied area can be summarised (F ig .4 .3b) as 
follows:
Area A shows two main jo in t  patterns - N40°-50°W (dip 75°-90°SW and 
80°-90°NE) and N25°-40°E (dip 75°-85°NW);
Area B il lu s tra tes  two jo in t  trends - N55°-65°W (dip 70°-80°NE) and 
N60°-70°E (dip 70°-85°SE);
Area C presents two jo in t  patterns - N70°-85°W (dip 80°-90°NE and 
80°-90°SW) and N40°-60°W (dip 80°-90°NE and 75°-85°SW), and
Area D shows also two jo ints  trend - N50°-60°W (dip 80°-86°NE and 
80°-90°SW) and N45°-50°E (dip 70°-80°SE).
The most dominant jo in t  direction of the Cretaceous Palgongsan granite 
is N50°-70°W, which is generally parallel to the faults and elongation 
of the piut^on (and at right angles to the Sinian direction).
4.3 Petrography
(a) Quartz
Quartz (about 30%; see Table 4.1) has sutured-boundaries and occurs as 
anhedral crystals with 1.5 ~ 2mm average length in the central part of 
the Palgongsan granite, and clustered aggregates fine-grained (0.5 - 1mm 
in length) in the margin. Micrographie intergrowth between quartz and 
alkali-fe ldspar is common (Plate 4.4) and the quartz grains f i l l  in ter­
stices between a lka li-fe ldspar and plagioclase crystals. P o ik i l i t ic  
quartz, with inclusions of plagioclase and b io t ite ,  is seen over the 
whole area. The quartz shows normal extinction, and particu larly  quartz 
is s lig h tly  fractured in the contact area.
(b) Alkal i-fe ldspar
Alkali-fe ldspar (about 35%; Table 4.1) is up to 4mm in length with an 
average of 1.5mm. Microperthite is dominant and consists mostly of the 
irregular string-type (Plate 4 .5 ). The a lka li-fe ldspar occurs in ter­
s t i t ia l  ly  and shows graphic intergrowth with quartz. P o ik i l i t ic  a lk a l i -  
feldspar with inclusions of b io t ite ,  quartz and magnetite is commonly ob­
served. Some of the a lkali-fe ldspars are s lightly  altered to sericite .
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PLATE 4.4 Micrographie intergrowth between quartz and alkali 
feldspar (CP.2). Crossed polarisers. Length of 
photograph 3 .5mm.
«I
■
PLATE 4.5 String type of microperthite (CP.13). Crossed 
polarisers. Length of photograph 3.5mm.
180
(c) Plagioclase
Plagioclase crystals (about 30%; Table 4.1) occur in subhedral, columnar 
plates which show parallel twinning. The early crystallised euhedral 
plagioclase is often overgrown by oscillatory zoned plagioclase, which is 
predominantly observed in the mid-central part of the pluton (Plate 4.6).  
The length of plagioclase is up to 2.5mm with an average of 1mm in grain 
size. The plagioclase is identified by Michel-Levy method as oligoclase 
(An 12-16) and is s lightly  altered to seric ite . Alteration attacks the 
centres of the plagioclase, leaving re la tive ly  unaltered margins.
(d) B iotite
B iotite  (about 3%*, Table 4.1) occurs as subhedral discrete flakes which 
range up to 1mm in length with an average of 0.5mm. P o ik i l i t ic  biotites  
are observed with inclusions of zircon, apatite and magnetite. B iotite
is predominantly brownish-green in plane l ig h t.  B io tite , from the mar­
ginal part of the pluton, is observed to be dark grey-green instead, and 
often encloses some zircons, which may be due to high Mg/(Mg + Fe) in 
b io tite . Some of the biotites are s ligh tly  altered to chlorite.
(e) Accessory minerals
The principal accessory minerals are apatite , zircon, magnetite, horn­
blende and tourmaline. Apatite occurs as irregular needle-shape acicular 
crystals which are mostly included in b io tite  and rarely in plagioclase. 
Zircon, which is up to 0.1mm in length, is observed as inclusions within 
b io tite  crystals. Magnetite occurs as subhedral grains with up to 0.5mm 
in length, which are frequently distributed in and around b io tite .
Hornblende is often fringed by b io tite . Hornblende shows subhedral 
grains which are mostly abundant in the chilled margin of the pluton.
The size of hornblende is up to 1.5mm in length with an average of 0.4mm. 
Feldspars and b io tite  overgrow the hornblende (Plate 4 .7 ).  Tourmaline 
is one of the last minerals to crystall ise, and is overgrown on the b io tite
4.4 Modal analysis
Modal analysis of the minerals present in each specimen from the Pal­
gongsan pluton was carried out from etched and stained thin sections.
The details of modal compositionsare presented in Table 4.1. Only a lk a l i -  
feldspars were stained using the sodium cobaltin itrate method (Bailey & 
Stevens 1960). The detailed method of staining for the samples is
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PLATE 4.6 The early crystallised euhedral plagioclase is over­
grown by zoned plagioclase (CP.15). Crossed 
polarisers. Length of photograph 3.5mm.
PLATE 4.7 Hornblende is often fringed by b iotite  and feldspar. 
They overgrow the hornblende (CP .ll) .  Crossed 
polarisers. Length of photograph 3.5mm.
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i l lustra ted  in the Appendix 1.5. Most samples were counted for 2,000 
equally spaced points. All Palgongsan granites plot in the monzo- 
granite region, according to Streckeisen's classification (F ig .4 .4 ).
Mafic minerals are generally abundant at the marginal part re lative to 
the centre of the pluton. In contrast, the abundance of quartz and 
alka li-fe ldspar increases from the chilled margin inward. The progres­
sive change in the compositional range throughout the Palgongsan pluton 
clearly indicates that d ifferentiation in the sequence results from cry­
stal fractionation. The simplest comagmatic plutonic sequence is a con­
centrically  zoned pluton such as the Palgongsan granite, in which re la ­
t iv e ly  mafiç rock in the margins, composed of high temperature mineral 
assemblages, passes inward without discontinuities to more fel sic rock in 
the core, composed of lower temperature mineral assemblages, which is 
similar to the Galloway plutons in the south of Scotland (Stephens &
Halliday 1979). This modal compositional pattern indicates that this  
pluton so lid if ied  from its  margins inwardswith fa ll in g  temperature.
The (quartz + a lk a l i - fe l  dspar) - plagioclase - mafic totals triangular  
diagram indicate the magmatic d ifferentiation of the granitic magma 
(Fig.4.4AA ). The amount of opaque minerals are plotted on to the 
opaque minerals versus (quartz + a lk a l i - fe l  dspar) to compare the grani­
t ic  rocks with Japanese granitic rocks (Ishihara 1977) (Fig.4.4A,B).
The majority of the Palgongsan granite and the Cretaceous granites from
S.Korea contain a higher amount of magnetite as well as opaque minerals, 
compared to the Ilmenite-series granites in Japan.
4.5 Mineral paragenesis
The f in er margin and medium grain in the central part of the Palgongsan 
granite suggests that so lid ification started from the margin and pro­
gressed inward. The thin section observations suggest a paragenetic re­
lationship of the crystallisation and are shown in Fig.4.4B. The sequence 
of crysta llisation appears to be from early precipitation of accessories 
to the probably simultaneous nucléation of hornblende and plagioclase. 
Increasing sodic content of plagioclase was accompanied by b io tite  cry­
s ta ll isa t io n , and the last minerals to crysta llise are those with in te r ­
s t i t ia l  habits, such as alkali-fe ldspar and quartz. In the pneumatolytic 
stage of a lteration , tourmaline occurred by the introduction of boron 
which had attacked the granitic minerals, mainly b io tite  and feldspar.
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Time
^Primary (magmatic)
Apatite  ------------  1>
M a g n e t i t e ----------------------- >
Zircon -----------------------
Hornblende  _________ _ _
Plagioclase     ^
Bioti te -t>
A lkali-fe ldspar   >
Quartz _____________________________________
^Secondary (late  magmatic)
Tourmaline-------------------------------------------------------------- -------------------------- —>
Albite (perthite) ---------------------------— &
Chlorite  &
Seri ci te  >
FIGURE 4.4B Paragenetic relationship of the Palgongsan granite
For a consideration of the results taken from f ie ld  and pétrographie 
works (in the Palgongsan granite, the following local conclusions are 
tenta tive ly  drawn:
1. The grain size of the granite increases from the marginal (mafic) to
central ( 1eucocratic) part of the pluton.
2. The jo in t  patterns (N50°-70°W dominant), consistent with a fau lt
system (and elongation of the pluton), developed by compression. The
structural relation between the granite intrusion and its  jo int  
patterns suggests that during intrusion the roof of the granite broke
into rectangular blocks along previously established lines of weak­
nesses, such as joints and vertical fau lts , in the country rock. How­
ever, there are not penetrative linear or planar structures in the 
Palgongsan granite.
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3. From margin to in terior a ll show a decrease in mafic minerals 
matched by a proportional increase in alkali-fe ldspar and quartz.
The progressive change in the compositional range in the pluton in ­
dicates that d ifferentiation in the sequence results from crystal 
fractionation. Quartz crystals occur in te r s t i t ia l ly  and show 
graphic texture. The oval shape and mineral texture of the pluton 
suggest high crustal level granite.
4. All the Palgongsan granite plot in the monzogranite region (Streck- 
eisen 1976) and belong to the "magnetite" series (Ishihara 1977).
4.6 Whole rock geochemistry
4.6.1 General statements
The whole rock geochemistry study is based upon the analyses of 16 re­
presentative granite samples. The lo ca lit ies  of the analysed samples 
are shown in F ig .4.2. Bulk rock major oxide elements were analysed by 
the X-ray fluorescence spectrometry (XRF) method on fused glass discs.
FeO was measured by the wet analysis using the method of Wilson (1955), 
and FOgOg was obtained by the same method as stated in the previous 
chapters. Trace elements were also determined by XRF analysis on pres­
sed powder pellets. The concentration of the rare-earth elements (REE) 
were obtained by instrumental neutron activation analysis (INAA).
Details of sample preparation, analytical method  ^ the ir  accuracy and pre­
cision, are discussed in Appendix I . 1-1.3. Any previously published 
work on the geochemistry of the Palgongsan granite is not available.
4.6.2 Major elements chemistry
(a) Introduction
The analytical results of 11 major oxide elements and CIPW norms are pre­
sented in Table 4.2. The variation in chemical composition is demonstra­
ted c learly  in Marker diagrams (F ig .4.4 and Fig .4 .5 ) .  D ifferentiation  
Index (Thornton & Tuttle 1960) and Larsen Index (Larsen 1948) are also 
shown in Table 4.2. The arithmetical means and sample standard devia­
tions of the major element and CIPW norms for the Palgongsan granite are 
presented in Table 4.3. D ifferentiation in terms of the widely used AFM 
and NCK diagrams is shown in F ig .4 .8a and F ig .4 .8b, respectively. Niggli 
values are listed in Appendix I I . 3.
1 8 8
CP.l CP. 2 CP.3 CP.4 CP.5 CP.6 CP.7 CP. 8
SiOg 70.50 70.92 72.10 68.52 68.88 69.38 71.40 71.00
TiOg 0.35 0.31 0.29 0.41 0.46 0.34 0.33 0.33
AI2O3 14.47 14.71 13.84 14.32 14.94 14.49 14.59 14.22
Fe^O^ 1.63 1.92 1.45 2.10 2.11 1.94 1.50 1.84
FeO 2.02 2.28 1.85 2.99 2.51 2.56 1.88 2.02
MnO 0.10 0.12 0.05 0.09 0.10 0.11 0.10 0.12
MgO 0.72 0.57 0.63 0.96 1.04 0.65 0.60 0.67
CaO 2.23 1.72 1.67 2.26 2.38 1.71 1.72 1.70
NagO 4.22 3.57 3.42 3.90 4.06 4.01 4.08 4.13
KgO 3.65 4.09 4.52 3.90 3.89 4.01 4.11 4.23
^2°5 0.11 0.09 0.08 0.13 0.15 0.10 0.10 0.10
Total 100.01 100.30 99.92 99.56 100.52 99.31 100.41 100.37
CIPW Norms
Qz 25 67 29 .17 29. 79 23 59 23. 11 25 .11 26 .80 25 .58
Or 21 57 24 .17 26. 71 23 05 22. 99 23 70 24 .29 25 .00
Ab 35 71 30 .21 28. 94 33 00 34 36 33 .93 34 .52 34 .95
An 9. 76 7 .95 7. 76 10 05 10. 83 7 83 7 88 7 .77
Di 0 49 0 26 0 01
Hy 3. 52 3 73 3. 38 5 51 4. 88 4 36 3 35 3 53
Mt 2. 36 2. 78 2. 10 3 04 3. 06 2 81 2 17 2 67
Cr 1. 50 0. 48 0. 08 0 68 0 54
n 0. 67 0. 59 0. 55 0 78 0. 87 0 65 0 63 0 63
Ap 0. 26 0. 21 0. 19 0 30 0. 35 0 23 0 23 0 23
KgO/NagO 0. 86 1. 15 1. 32 1. 00 0. 96 1 00 1 01 1 02
AlgOg/fKgO+NagO) 1. 84 1. 92 1. 74 1. 84 1. 88 1 81 1 78 1 70
KgO/fKgO+NagO) 0. 46 0. 53 0. 57 0. 50 0. 49 0 50 0. 50 0 51
CaO/fKgO+NagO) 0. 28 0. 22 0. 21 0. 29 0. 30 0. 21 0 21 0 20
FeO(t)/MgO 5. 07 7. 37 5. 24 5. 30 4. 44 6. 92 5. 63 5. 76
L . I . 22. 18 23. 16 24. 40 20. 53 20. 92 22. 22 23. 71 23. 51
D.I. 82. 95 83. 55 85. 44 79. 64 80. 45 82. 74 85. 61 85. 53
FeO/FegOg 1. 24 1. 19 1. 28 1. 42 1. 19 1. 32 1. 25 1. 10
L . I .  : Larsen Index
D.I. : D ifferentiation Index
TABLE 4.2 Major oxide elements analyses and CIPW Norms of the 
Cretaceous Palgongsan granite
conti nued
1 8 9
CP.9 CP. 10 CP. 11 CP.12 CP.13 CP.14 CP.15 CP.16
SiOg 70.11 71.33 70.01 75.55 70.10 67.53 69.38 69.04
TiOg 0.32 0.32 0.36 0.12 0.32 0.49 0.41 0.35
AI2O3 15.29 14.40 14.55 12.35 14.08 14.96 14.48 15.00
^^2^3 1.55 1.52 1.74 1.12 2.01 1.91 1.75 1.92
FeO 2.27 2.05 2.29 1.32 2.34 2.75 2.77 2.42
MnO 0.07 0.08 0.09 0.06 0.16 0.09 0.06 0.12
MgO 0.61 0.55 0.71 0.13 0.54 1 .31 0.88 0.79
CaO 1.71 1.68 1.82 0.45 1.53 2.79 2.37 1.87
NagO 4.08 4.14 4.28 3.46 4.05 3.93 3.62 4.08
KgO 4.17 4.15 3.86 4.94 4.33 3.61 4.23 3.95
^2^5 0.10 0.11 0.11 0.03 0.10 0.16 0.13 0.11
Total 100.26 100.33 99.88 99.52 99.56 99.53 100.08 99.66
CIPW Norms
Qz 25. 00 26.29 24. 63 34. 80 25 08 22. 15 24. 74 24. 18
Or 24. 64 24.52 22. 81 29. 19 25 59 21. 33 25. 00 23. 34
Ab 34. 52 35.03 36. 22 29. 28 34 27 33. 26 30. 63 34. 52
An 7. 83 7.62 8. 31 2. 04 6 94 12. 52 10. 77 8. 56
Di - 0. 23 0. 12
Hy 4. 01 3.50 4. 11 1. 74 3. 75 5. 98 5. 21 4. 47
Mt 2. 25 2.20 2. 52 1. 62 2 91 2. 77 2. 54 2. 78
Cr 1. 20 0.31 0. 29 0. 57 0. 19 0.88
11 0. 61 0.61 0. 68 0. 23 0. 61 0. 93 0. 78 0. 67
Ap 0. 23 0.26 0. 26 0. 07 0. 23 0. 37 0. 30 0. 26
KgO/NagO 1. 02 1.00 0. 90 1. 43 1 07 0. 92 1. 17 0. 97
AlgOg/fKgO+NagO) 1. 85 1.74 1. 79 1. 47 1, 68 1. 98 1. 84 1. 87
KgO/fKgO+NagO) 0. 51 0.50 0. 47 0. 59 0. 52 0. 48 0. 54 0. 49
Ca0/ (K 20+Na20) 0. 21 0.20 0. 22 0. 05 0. 18 0. 37 0. 30 0. 23
FeO(t)/MgO 6. 26 6.49 5. 68 18. 77 8. 06 3. 56 5. 14 5. 49
L . I . 22. 95 23.65 22. 38 28. 22 23. 29 19. 27 21. 34 21. 88
D.I. 84. 16 85.84 83. 66 93. 27 84, 93 76. 73 80. 37 82. 04
FeO/FegOg 1. 46 1.35 1. 32 1. 18 1. 16 1. 44 1. 58 1. 26
TABLE 4.2 (continued)
1 9 0
CP
X S
SiOg 70.36 1.83
TiOg 0.34 0.08
AT 2^3 14.42 0.66
FG2O3 1.75 0.27
FeO 2.27 0.41
MnO 0.10 0.03
MgO 0.71 0.26
CaO 1.85 0.51
NagO 3.94 0.27
KgO 4.10 0.33
^2^5 0.11 0.03
Total 99.95 0.39
CIPW Norms
Qz 25.98 3.07
Or 24.24 1.92
Ab 33.33 2.29
An 8.40 2.28
Hy 4.06 1.02
Mt 2.54 0.39
Cr 0.42 0.46
11 0.66 0.15
Ap 0.25 0.107
D.I. 83.56 3.64
L . I . 22.73 1.99
KgO/NagO 1.05 0.15
AlgOg/alkali 1.80 0.12
KgO/alkali 0.51 0.03
CaO/alkali 0.23 0.07
FeO(t)MgO 6.57 3.43
FeO/FOgOg 1.30 0.13
TABLE 4.3 Arithmetical mean (X) and sample standard deviation (S) 
of major element and CIPW Norms for the Cretaceous 
Palgongsan granite
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(b) S il ica
The s il ic a  content of analysed samples for the Palgongsan granite ranges 
from 67.53 vit/o to 75.55 wt%: arithmetical mean (X) and sample standard
deviation (S) are 70.36 wt% and 1.83 wt%, respectively (F1g.4.4cand 
Fig.4 .6) .  S il ica  content increases from the marginal to the central 
part of the pluton (F ig .4 .5).
(c) Alkalies
The plots of KgO against SiO^ appear to show a positive trend in the Pal­
gongsan granite (Fig.4.4Cj. The K^ O content varies from 3.61 wt% to 
4.94 wt% (average value of 4.1 - 0.33 wt%). The KgO content generally 
increases from the chilled margin to the central part of the pluton 
(F ig .4 .5 ) .  The correlation between Na^ O and SiOg in the studied area 
show l i t t l e  variation (Fig.4.4C). The concentration of NagO ranges from 
3.42 wt% to 4.28 wt% (mean value of 3.94 - 0.27 wt%). The ratio of 
KgO/NagO (see Table 4.2) is generally about 1.0 and increases from the 
margin inward (F ig .4 .5 ). The total alkalies (KgO + NagO) are plotted 
on F ig .4 .5 , which shows that the concentration increases generally from 
margin to core of the pluton. Total a lka li contents are plotted against 
CaO in F ig .4 .6, which il lustra tes  a negative correlation. CaO/fKgO + 
Na^O) ration (mean value: 0.23 - 0.07) decreases from margin to inward of 
the Palgongsan granite (0 .37 to 0.05).
(d) Manganese, magnesium, and iron
The manganese content ranges from 0.05 wt% to 0.16 wt% with a mean value 
of 0.1 - 0.03 wt%. The distribution pattern of MnO shows a slight nega­
tive  variation with SiOg (Fig.4.4C). The magnesium content of the studied 
pluton ranges widely from 0.13 wt% to 1.31 wt% (average value of 0.71 - 
0.26 wt%). The plot of MgO against SiOg shows a strong negative cor­
relation (F ig .4 .4C ).-  The concentration of MgO generally decreases from 
the marginal to the central part of the pluton. The content of total 
iron ranges from 2.44 wt% to 5.09 wt% (mean value of 4.02 wt%). The 
plot of total iron versus SiOg shows a negative relationship (F ig .4 .6) .
The total iron concentrations decrease from margin to centre of the
pluton . as shown in Fig.4.7. The plots o-f MgO against total
iron, and MgO versus CaO show positive trend (F ig .4 .6) . The variation of 
the ra tio  of FeO/Fe^O  ^ in the pluton appears to be 1.3 - 0.13. (FeO + 
FegOjj/MgO ratios increase from margin (3.56) to inward (18.77) in the 
Palgongsan granite (F ig .4 .7 ).
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figure 4.4.C Marker (major elements) Variation diagrams for the analysed 
samples of the Cretaceous Palgongsan granite.
M : margin of the pluton 
C : core of the pluton
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FIGURE 4.5 Isopleth diagrams of some major elements (wt.%) in the 
Cretaceous Palgongsan granite.
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(e) Titanium
The content of TiOg ranges from 0.12 wt% to 0.49 wt% with a mean value of 
0.34 - 0.08 vit/o. TiOg versus SiOg shows a negative correlation (F ig .4.6), 
The content of TiOg generally decreases from the margin to the core of 
the pluton.
( f )  Aluminium, calcium, and phosphorous
The concentrations of Al^O  ^ range from 12.35 wt% to 15.29 wt% (mean value 
of 14.42 - 0.66 wt%). The absolute amount of AlgOg decreases slightly  
with increasing SiOg (F ig .4 .6 ). Al202/(K20 + NagO) decreases from margin
(1.98) to centre (1.47) of the granite.
The content of calcium for the Palgongsan granite ranges from 0.45 wt% to 
2.79 wt% with average value of 1.85 - 0.51 wt%. Plagioclase and apatite  
are the main carriers for the calcium, the modal proportion of the 
minerals increasing from the centre to the marginal part of the pluton 
(see Table 4 .1 ) .
CaO is plotted against SiOg and alkalies in Fig.4.4Cand Fig.4.6, re­
spectively, which show negative correlations. Phosphorous contents are 
between 0.03 wt% and 0.16 wt% (mean value of 0.11 - 0.03 wt%) and gen­
era lly  decrease from margin to centre of the pluton.
D ifferentiation and Larsen indices are listed in Table 4 .2 , and plotted 
on maps (F ig .4 .7 ) ,  which show that the indices continually increase from 
the margin to the central part of the pluton. Many of the major element 
characteristics of the Palgongsan granite are consistent with a re lation­
ship by fractional crysta llisation from its  margins inward with fa ll in g  
temperature.
(g) AFM and NCK ternary diagrams
The major element data from the Cretaceous Palgongsan granite, when plot­
ted on the AFM diagram (F ig .4 .8a), define an enrichment trend typical of 
a calc-alkaline series as presented by Petro et al (1979). Plotting the 
a lk a lin ity  ra tio  of Wright (1969) versus Si02 show that the Palgongsan 
granite plot within the calc-alkaline f ie ld ,  although some most
siliceous (core part of the pluton) rocksfall in the alkaline (Fig.4.8A). 
Palgongsan granite shows more alkalies and less total iron contents from
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margin to central part of the pluton. The AFM diagram illustrates  a 
typical single magma series which underwent fractionation of plagioclase 
and mafic minerals. D ifferentiation is also indicated by the NCK dia­
gram (F ig .4 .8b) which confirms fractionation of a single magma. The 
trend line  shown in F ig .4 .8b is a consequence of the precipitation of 
more sodic plagioclase towards the end of the crystallisation sequence.
(h) CIPW normative compositions and phase equilibria
The CIPW norm compositions are widely used for the s i l ic ic  rocks (Chayes 
& Metais 1963). The details for calculation of the CIPW norm is pre­
sented in Cox et al (1979). Granites of the studied area with the sum 
of normative a lb i te ,  orthoclase and quartz over 80% (Tuttle & Bowen 1958), 
have been plotted (F ig .4 .9b). Its  phase characteristics are well known,
with a thermal minimum between the alkali-feldspar solid solution series
and quartz. Phase boundary curves for selected water-vapour pressures, 
and ternary minima for the respective phase boundary curves, are super­
imposed on the diagram in F ig .4 .9b. Although the composition f ie ld  of • 
the Palgongsan granite forms a generally scattered pattern, the plot of 
Q-Ab-Or implies a PH^ O of about 2 Kbars in the central part, and 4 Kbars 
in most of the marginal part of the pluton. The phase relationships in 
the Or-Ab-An ternary feldspar system (F ig .4 .9a) were f i r s t  suggested by 
Tuttle & Bowen ( op c i t ) .  The temperature distribution over the system 
shows a gradual decrease from the An apex toward a thermal trough between 
Or and Ab, as shown in F ig .4 .9a, which il lustra tes  that the temperature 
of crysta llisation  gradually decreases from the margin to the central 
part of the Palgongsan granite. Normative Q-Or-(Ab + An) compositions 
are plotted with a good linear trend in Fig.4 .9c. The abundance of
plagioclase decreases continuously from the margin (An 16) to the centre
(An 12) of the pluton.
4.6.3 Trace and rare-earth elements chemistry
(a) Introduction
Trace and rare-earth element determinations for the 16 Palgongsan granite 
samples are presented in Table 4.4 and Table 4.5, respectively. The 
incompatible elements have been broadly grouped as by Schilling (1973). 
Marker variation and inter-element diagrams for trace and rare-earth 
elements are shown in F ig .4.10 - F ig .4.16.
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CP.l CP.2 CP.3 CP.4 CP. 5 CP.6 CP.7 CP.8 CP.9
Ni 3 4 3 5 3 5 1 3 3
Cr 8 10 7 15 8 14 4 7 7
Y 20 22 23 25 24 25 30 23 23
V 24 22 26 40 44 25 19 21 21
Zr 185 201 137 190 194 192 193 196 194
Nb 12 15 11 14 8 11 14 11 12
Rb 122 133 150 118 128 132 137 134 128
Sr 233 209 202 252 259 209 214 206 201
Th 12 15 17 14 13 13 17 15 10
K (X 1000) 30.30 33.95 37.52 32.37 32.29 33.28 34.11 35.11 34.61
Ca(X 1000) 15.93 12.29 11.94 16.15 17.01 12.22 12.29 12.15 12.22
Ti 2098 1858 1739 2458 2758 2038 1978 1978 1918
P 480.04 392.76 349.12 567.32 654.6 436.4 436.4 436.4 436.4
K/Rb 248 255 250 274 252 252 249 262 270
Rb/Sr 0.52 0.64 0.74 0.47 0.49 0.63 0.64 0.65 0.64
Ca/Y 797 559 519 646 709 489 410 528 531
Th/Nb 1.0 1.0 1.55 1.0 1.63 1.18 1.21 1.36 1.17
Nb/Y 0.60 0.68 0.48 0.56 0.33 0.44 0.47 0.48 0.52
K/Zr 164 169 274 170 166 173 177 179 178
Zr/Y 9.25 9.14 5.96 7.60 8.08 7.68 6.43 8.52 8.43
T i/Z r 11.3 9.2 12.7 12.9 14.2 10.6 10.2 10.1 9.9
TABLE 4.4 Trace elements analyses (in ppm) of the Cretaceous 
Palgongsan granite
continued
202
CP.10 CP.11 CP. 12 CP.13 CP.14 CP.15 CP.16 X S
Ni 3 3 4 3 5 4 4 3.5 1.0
Cr 5 7 8 7 12 8 9 8.5 3.0
Y 21 26 31 23 27 22 27 24.3 3.5
V 20 28 ND 20 37 19 20 24 10
Zr 209 206 108 182 188 195 195 185 26
Nb 13 16 18 12 10 12 11 12.8 2.4
Rb 130 127 198 142 115 120 122 134 19
Sr 210 220 114 202 291 304 219 222 43
Th 14 18 26 10 12 17 14 15 4
K (X 1000) 34.45 32.04 41.00 35.94 29.96 35.11 32.79 34.05 2.70
Ca(X 1000) 12.01 13.01 13.22 10.93 19.94 16.94 13.36 13.23 3.67
Ti 1918 2158 719 1918 2938 2458 2098 2064 490
P 480.04 480.04 130.92 436.40 698.24 567.32 480.04 466 128
K/Rb 265 252 207 253 261 293 269 257 18
Rb/Sr 0.62 0.58 1.74 0.70 0.40 0.40 0.56 0.65 0.31
Ca/Y 706 500 104 475 739 770 495 561 171
Th/Nb 1.08 1.13 1.78 0.83 1.20 1.42 1.27 1.24 0.26
Nb/Y 0.76 0.62 0.58 0.52 0.52 0.55 0.41 0.53 0.10
K/Zr 165 156 380 197 159 180 168 191 57
Zr/Y 9.95 7.92 3.48 7.91 6.96 8.86 7.22 7.71 1.54
T i/Z r 9.2 10.5 6.7 10.5 15.6 12.6 10.8 11.1 2.1
ND : None detected
TABLE 4.4 (continued) and arithmetical mean (X) and sample standard
deviation (S)
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(b) LIL elements. Ce, and La
Rb contents in the Palgongsan granite range from 115ppm to 198ppm with 
mean value of 134 -  19ppm. Rb contents are plotted against SiO^, which 
shows a positive correlation (F ig .4.10). The concentrations of Rb in­
crease from the margin to the centre of the pluton (F ig .4 .10a). Sr con­
tents range from 114ppm to 304ppm (average value of 222 - 43ppm), which 
show a negative relationship'with SiOg (F ig .4.10). Sr consistently de­
creases because of early and continued plagioclase crystallisation. The 
plot of Sr against CaO shows a positive trend (F ig .4.12). Rb/Sr ratios 
are generally higher in the centre (1.74) than in the chilled margin 
(0 .40), with a mean value of 0.65 - 0.31. The plot between Rb/Sr and 
SiOg shows a positive trend (F ig .4.10).
K/Rb ratios generally decrease from the margins (270-293) inward (207) 
in the pluton with a mean ratio of 257 - 18 (F ig .4 .10a). The K/Rb ratio  
is affected by crysta llisation  of a lkali-fe ldspar and b io tite , which is 
also i l lu s tra te d  in the modal composition (T&ble 4 .1 ). For the K/Rb 
ra tio , i f  neither an a lka li-fe ldspar nor a biotite-phlogopite is present 
in the residue, i t  is d i f f i c u l t  to reduce the K/Rb ratio of the melt 
re lative to the parent by the factor of differentiation (Hanson 1978).
The K/Rb ratios are plotted against the Differentiation Index to show a 
slightly  negative trend (F ig .4.11). I t  appears that both K and Rb were 
enriched at nearly constant rates during fractionation. The relationship 
between KgO and Rb presents a good positive trend (F ig .4.12), which oc­
cupies KgO/Rb value of 250-350. The Rb/Sr ratios are plotted against 
Rb contents which i l lu s tra te  a positive trend (F ig .4.11). The Rb and 
Sr data plot in a well defined linear f ie ld  showing negative correlation 
(F ig .4 .12), indicating that the variation could be dominated by feldspar 
fractionation.
Nb contents in the Palgongsan granite range from 11 ppm, in the margin, to 
18ppm, in the centre of the pluton (mean value of 12.8 -  2.4ppm), which 
i l lustrates  a positive trend with SiOg (F ig .4.10). Fig.4.11 shows a 
positive realtionship between Nb and Rb. The concentrations of Th 
range from lOppm to 26ppm (average of 15 - 4ppm). The plots of Th-SiOg 
and Th-Rb show positive correlations which are shown in Fig.4.10 and 
Fig.4.11, respectively. La contents in the Palgongsan granite range 
from 32.85ppm, in the margin, to 43.30ppm, in the centre of the pluton 
(mean of 37.53 - 4.57ppm), which show a positive trend with SiO  ^ (F ig .4.12)
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2 0 8
Ce contents range from 66.62ppm to 82.69ppm, with average of 73.1 - 8.55ppm 
(F ig .4 .1 2 ).
(c) NFS elements, REE, and Y
Zr contents are generally higher in the margin than the central part of 
the pluton (mean value of 185 - 26ppm). Zr shows negative correlations 
with SiOg, Th and Rb, and presents positive relationships with TiOg and 
Sr (F ig .4 .13 ). K/Zr ratios are high in the core part (380) re la tive  to 
the ch il led  margin (156) of the Palgongsan granite, with average ratio of 
191 - 57. A p lot of Y versus Zr (F ig .4.13) serves to distinguish between 
fractional c rys ta ll isa t io n  and p artia l melting processes in the petro- 
genesis of igneous rocks (Tarney et al 1977). The Zr/Y ratio  changes 
only very s l ig h t ly  during fractional c ry s ta ll is a t io n , but the differences 
in p a rt it io n  coe ff ic ien t between the two become s ign ificant during 
moderate to low degrees of p artia l melting, with Y being progressively
retained in the source a t lower degrees of partia l melting (Tarney &
Saunders 1979). I t  can be seen that the Palgongsan granite samples have 
generally constant Zr/Y ratios (mean of 7.71 - 1 .54 ), suggesting f ra ­
ctional c ry s ta ll is a t io n .
Nb contents generally increase from the margins inward (average of 12.8 - 
2.4ppm). Rare-earth elements (REE) were determined on 5 representative 
samples and the analytical results are presented in Table 4.5. The REE 
abundance data fo r  these samples have been normalised to the average chon- 
dri t ic  abundances (Frey et al 1968), and plotted on a logarithmic scale 
against atomic number (F ig .4 .14 ). Zr/Hf and La/Ta ratios are higher in 
the margin re la t iv e  to the centre of the pluton (Table 4 .5 ) .  The Palgong­
san granite shows l ig h t  REE enrichment and heavy REE depletion with 
(Ce/Yb)N ratios of 5.78 ~ 9.50 (the average ratio  being 7.09 - 1.42).
All the REE patterns in the studied granite have Eu negative anomalies
with Eu/Eu* = 0 .2 4 -0 .7 5  (mean Eu/Eu* = 0.55 -  0 .19). The Eu negative 
anomalies increase from the margin (Eu/Eu* = 0.75) to the central part 
(Eu/Eu* = 0.24) of the pluton. The negative Eu anomalies and gradual 
change of Eu/Eu* values through the Palgongsan granite, indicate the in ­
fluence of feldspar fractionation . The central part of the granite has 
undergone much stronger feldspar fractionation than the margin. Plagio- 
clase has high phenocryst-matrix p a rt it io n  coeffic ients fo r  Sr and Eu 
and high K/Rb ratios  (Arth 1976).
The abundances of incompatible elements in the Palgongsan granite.
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CP.3 CP.5 CP. 9 CP.12 CP.14 X S
La 41.33 34.11 32.85 43.30 36.08 37.53 4.57
Ce 82.69 65.65 66.62 82.11 68.43 73.10 8.55
Nd 30.67 23.18 21.74 28.07 25.85 25.90 3.61
Sm 4.26 4.45 3.98 4.48 4.35 4.30 0.20
Eu 0.63 0.93 0.71 0.22 0.89 0.68 0.28
Gd 3.45 3.17 3.04 2.07 3.58 3.06 0.59
Tb 1.03 0.60 0.68 1.05 0.76 0.82 0.21
Tm 0.37 0.40 0.39 0.62 0.38 0.43 0.11
Yb 2.18 2.57 2.56 3.63 2.52 2.69 0.55
Lu 0.28 0.42 0.28 0.53 0.30 0.36 0.11
Hf 4.14 3.10 5.86 3.90 4.97 4.39 1.06
Ta 1.11 1.26 1.22 2.04 1.22 1.37 0.38
ZREE 166.89 135.48 132.85 166.08 143.14 148.89 16.51
La/Yb 18.96 13.27 12.83 11.93 14.32 14.26 2.76
Ce/Yb 37.93 25.54 26.02 22.62 27.15 27.85 5.88
Eu//Eu* 0.51 0.75 0.62 0.24 0.61 0.55 0.19
(La/Sm)N 5.90 4.64 5.13 6.50 5.12 5.46 0.74
(Ce/Yb)N 9.50 6.44 6.79 5.78 6.96 7.09 1.42
(La/Yb)N 12.40 8.49 8.93 7.88 9.57 9.45 1.76
Zr/Hf
La/Ta
ZCe
ZY
33
37
159.58
7.31
63
27
128.32
7.16
33
27
125.90
6.95
28
21
158.18
7.90
38
30
135.60
7.54
39
28
141.52
7.37
14
6
16.26
0.37
ZREE : to ta l concentration of REE
Eu* : Eu value derived by interpolation between Sm and Gd
N : chondrite normalised value
ZCe : sum of l ig h t  REE (La to Eu)
ZY : sum of heavy REE (Gd to Lu)
TABLE 4.5 Rare-Earth Elements analyses (in  ppm) of the 
Cretaceous Palgongsan granite
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FIGURE 4.14 Chondrite-normalised REE abundances in the Cretaceous 
Palgongsan granite.
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normalised to an estimated undepleted primordial mantle composition 
(Shaw 1972), are shown in F ig .4.15. The l e f t  to r ig h t order of the 
element approximates to the decreasing bulk d istribution coefficients  
(D values) between gran itic  l iq u id  and mineral phases. The plot reveals 
that the Palgongsan granite is characterised by strong enrichment of Rb, 
Th, K, La, Ce, Nd, Hf, Zr and Tb re la t iv e  to Ta, Nb, Sr, P and T i . This 
is typical for ca lc -a lka line  granito id rocks.
(d) Compatible elements
The Cr contents in the Palgongsan granite range from 4ppm to IBppm (mean 
of 8.5 -  3ppm). The concentration of Cr is generally higher in the 
margin re la t iv e  to the centre of the pluton. F ig .4.16 shows a negative 
correlation between Cr and Si02- The Ni concentrations range from Ippm 
to 5ppm (average value of 3.5 ^ Ippm). The plot between Ni and SiO, 
shows a negative trend (F ig .4 .16 ). The V contents show a rather scat­
tered negative correlation with SiOg, and the concentrations of V is 
very high in the margin (37 -  44ppm) but lower in the centre (N.D.~ 19ppm) 
For equivalent values of Cr, Ni and V concentrations for the Palgongsan 
granite decrease consistently from margin to centre of the pluton, which 
re flec ts  the inward increase in the effects of fractional c rysta ll isation .
4.7 Mineral geochemistry
4.7.1 General statements
The varied mineralogical assemblages described petrogaphically in pre­
vious Sections 4.3 -  4.5 are here further defined in terms of chemical 
compositions and chemically determined crys ta ll isa tion  history. A lka li-  
fe ldspar, plagioclase and b io t i te  from the 7 representative Palgongsan 
granite samples were studied, using the energy dispersive electron micro­
probe at the Department of Earth Sciences, University of Cambridge. 
Analytical method employed in this work, and accuracy and precision of 
analysis, are explained in Appendix 1.4. No published works are availa ­
ble on the mineral geochemistry of the Palgongsan granite.
4 .7 .2  Chemistry of a lk a li- fe ld sp a r  and two-feldspar geothermometry
The a lk a li- fe ld s p a r  in the Palgongsan granite shows p e rth it ic  texture, 
as described previously. The exsolution lamellae make estimation of 
orig inal bulk compositions d i f f i c u l t .  The analyses given in Table 4.6  
are microprobe analyses of exsolved grains. The number of cations K
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FIGURE 4.16 Inter-element variations for the compatible 
elements in the Cretaceous Palgongsan granite
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Mineral %Na %K T°C
1Kb 3Kb 5Kb 7Kb 10Kb
CP.2
AF 0.291 0.612
465 486 507 529 561
PL 0.759 0.025
CP.4
AF 0.417 0.503
587 612 637 . 661 698
PL 0.768 0.011
CP.5
AF 0.245 0.722
531 555 578 601 636
PL 0.810 0.019
CP.8
AF 0.203 0.759
516 539 562 585 619
PL 0.752 0.036
CP. 11
AF 0.480 0.494
721 750 779 807 850
PL 0.773 0.011
CP.12
AF 0.138 0.846
439 459 480 502 531
PL 0.877 0.017
CP.13
AF 0.391 0.582
675 702 729 757 798
PL 0.757 0.038
T (K) =
-X K(AF) [6330 + 0.093 P + 2 X^^/^pJiaW  + 0.019 P)] 
R InKD + X^K(AF)[- 4.63 + 1.54
R = 1.9872 Cal 
X.
KD = Na(AF) 
• ^Na(PL) (a f te r  Powell & Powell 1977)
TABLE 4.7 Temperatures of cessation of exsolution at the various 
pressures fo r the Cretaceous Palgongsan granite
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FIGURE 4.18 Temperatures fo r  cessation of exsolution for the Palgongsan 
granite at various pressures.
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in al ka li- fe ldspar and cations Na"^  in the perth ite , generally increase 
from the margins inward. P erth it ic  a lka li-fe ldspars  y ie ld  some useful 
temperatures (Barth 1962, 1968; Stormer 1975; Stormer & Whitney 1977; 
Powell & Powell 1977; Ferry 1978; Brown & Parson 1981), and of p a r t i ­
cular in teres t are temperature differences between the centre and the 
margin of the Palgongsan granite. The theoretical background of two- 
feldspar geothermometer is reviewed in Appendix IX. Analytical results 
of p e r th it ic  a lka li- fe ldspars  from the Palgongsan pluton are plotted on 
the graphical geothermometer (Powell 1978) in F ig .4.17, which i l lu s tra tes  
that the temperature of cessation of exsolution in perth it ic  a lk a l i - f e ld ­
spars was about 500 ~ 700°C at an assumed pressure of 2 Kbar. This 
graphic geothermometer shows that the perth ities  plot in a scattered 
range of temperature over the Palgongsan granite as a whole, with low T 
at the core, and high T a t the margin. Using Powell & Powell's geo­
thermometer equation, calculated temperatures for cessation of exsolution 
remain also within a large range (about 500~700°C) when a range of pres­
sures is considered (see Table 4 .7 ) .  The temperatures of exsolution 
generally decrease from margin to core within the pluton (F ig .4 .18).
From these geothermometers, i t  can be concluded that the temperatures of 
exsolution in p e rth it ic  a lka li-fe ldspars  show a large varia tion , which 
i l lu s tra te s  that the Palgongsan granite crysta ll ised  from margin to core 
with about 200^0 temperature difference between them. Comprehensive 
microprobe investigation of a l l  cations presents shows a progressive 
chemical evolution from the margin to the central part of the Palgongsan 
granite.
4 .7 .3  Chemistry of plagioclase
Plagioclasesfrom the Palgongsan granite occur as subhedral columnar plates 
which show para lle l twinning. The plagioclase analytical results are 
presented in Table 4 .8 . The number of a lk a li  (XNa + XK) cations in 
plagioclase increases from the margin to the core part of the pluton, 
which i l lu s tra te s  a positive correlation with cation Si g (F ig .4.19). 
However, the number of cation Ca++ in plagioclase generally decreases 
from the margins inward (F ig .4 .19). The chemistry of plagioclase re­
f le c ts  that plagioclase crysta ll ised  from the margin (high cation Ca+  ^
and low a lka li-c a t io n s ) to the central part of the pluton.
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CP.2 CP.4 CP.5 CP.8 CP.11 CP.12 CP.13
SiOg 63.041 63.695 62.842 63.244 63.217 64.951 63.936
AlpOs 23.122 22.614 23.046 22.717 22.748 21.394 22.055
FeO(t) 0.164 0.196 - 0.168 0.245 0.132 -
CaO 4.621 3.880 4.408 4.172 4.345 2.050 3.272
NagO 8.969 9.043 8.528 9.176 9.191 10.342 9.767
KgO 0.564 0.440 0.649 0.580 0.344 0.305 0.548
Total 100.481 99.869 99.473 100.058 100.09 99.174 99.578
Recalculated on 8 oxygens
Si 2.785 2.819 2.795 2.803 2.800 2.877 2.839
Al 1.204 1.180 1.209 1.187 1.188 1.128 1.154
Fe 0.006 0.007 - 0.006 0.009 0.005 -
Ca 0.219 0.184 0.210 0.198 0.206 0.097 0.156
Na 0.768 0.776 0.735 0.788 0.789 0.888 0.841
K 0.032 0.025 0.037 0.033 0.019 0.017 0.031
Mole proportion {%)
Or 3.1 2.5 3.8 3.3 1.9 1.7 3.0
Ab 75.4 78.8 74.8 77.3 77.8 88.6 81.8
An 21.5 18.7 21.4 19.4 20.3 9.7 15.2
TABLE 4.8 Plagioclase analyses for the Palgongsan granite
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FIGURE 4.19 Inter-element variations between cations a lka li  
and s i l ic a ,  and cations Ca and Si in plagioclase
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4 .7 .4  Chemistry of b io t i te
Chemical considerations of b io t ite  are lim ited by the in a b il i ty  of the 
electron microprobe to give separate values fo r  FegO ,^ and the absence 
of data for LigO, F, Cl and water. Owing to the above constraints, the 
purpose here is prim arily  to find the chemical variances of the biotites  
throughout the Palgongsan granite. Major element concentrations and 
structural formulae of b io tites  are given in Table 4.9. The Al^O^ - 
total iron - Mgo diagram is plotted in F ig .4.20, which shows that Mgo and 
to ta l iron contents vary considerably, whilst AlgO^ concentrations show 
l i t t l e  varia tion . The contents of MgO decrease from the margin to the 
central part of the pluton. Ionic Mg/(Mg + Fe) for b iotites decrease 
from 65.04 to 34.57 as SiOg content of the whole-rock increase from 
68.52 to 75.55 weight percent, which largely  depend upon the presence 
and absence of an early  c rys ta ll isa t io n  of opaque minerals (e.g. mag­
ne tite )  from gran it ic  magma. Namely, an early uptake of magnetite from 
the g ran it ic  magma is followed by the decrease of Mg/(Mg + Fe) for mafic 
s ilic a te s  as the d if fe re n t ia t io n  of the magma proceeds.
4.8 Discussion and conclusions
The Palgongsan granite is a concentric te x tu ra lly  and compositionally 
zoned pluton. The granite is progressively more fe ls ic  inward. The 
structural re lationship between the gran itic  intrusion and jo in t  pattern 
(N50°-70°W dominant) suggest that the intrusion process, allowing the 
roof to break up into rectangular blocks along previously established 
lines of weakness, jo in ts  and vertica l fau lts .  The granite ranges in 
composition from intermediate to acid, and produce a smooth calc-alkaline  
trend on an AFM diagram (see F ig .4 .8  & 4 .15 ). The smooth consistent trends 
of the major and trace elements within the pluton (F ig .4.4 to F ig .4.13) 
can best be explained by fractional c rys ta ll is a t io n . There is an i n i ­
t ia l  Fe-enrichment until both Ti and Mg decrease sharply with titano-  
magnetite c ry s ta ll is a t io n  (F ig .4 .6 ) .  Phosphorous also increases until 
apatite  separates, while Sr consistently decreases because of early and 
continued plagioclase c ry s ta ll is a t io n . Other incompatible elements, 
such as Rb, Th and Nb, increase progressively with fractionation (F ig .4.10) 
Total REE levels increase with fractionation , and with the eventual de­
velopment of d is t in c t  negative Eu anomalies (Eu/Eu* = 0.75 - 0.24) in the 
Palgongsan granite. The behaviour of the rare-earth elements is that 
the general increase in REE concentrations with the gradual development
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CP.2 CP.4 CP. 5 CP. 8 CP.11 CP.12 CP.13 CP.15
SiOg 38.015 38.985 37.494 37.391 36.397 37.437 38.343 38.038
Al gOg 11.929 12.656 13.026 12.019 12.298 11.457 12.584 13.140
TiOg 4.240 4.814 4.953 4.975 4.651 2.987 4.934 5.165
FeO(t) 17.619 15.412 17.700 14.266 20.884 25.016 16.682 16.820
MgO 13.327 14.359 12.795 14.891 10.553 7.417 13.840 13.355
MnO 0.201 - 0.169 0.188 0.505 1.228 0.262 -
CaO - - 0.128 0.100 - - -
KgO 9.375 9.625 9.203 9.449 9.012 9.182 9.322 9.423
Total 94.707 95.854 95.468 93.178 94.40 94.725 95.966 95.941
Recalculated on 11 oxygens
Si 2.899 2.897 2.835 2.860 2.839 2.973 2.867 2.845
Al 1.072 1.109 1.161 1.084 1.131 1.073 1.109 1.159
Ti 0.243 0.269 0.282 0.286 0.273 0.178 0.277 0.291
Fe 1.124 0.958 1.119 0.912 1.362 1.662 1.043 1.052
Mg 1.515 1.590 1.442 1.697 1.227 0.878 1.542 1.489
Mn 0.013 - 0.011 0.012 0.033 0.083 0.017 -
Ca - - 0.010 - 0.008 - - -
K 0.912 0.913 0.888 0.922 0.897 0.930 0.889 0.899
Ionic Mg/(Mg+Fe) 57.41 62.41 56.30 65.04 47.38 34.57 59.65 58.59
TABLE 4.9 Analyses of b iot i tes  from the Palgongsan granite
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FIGURE 4.20 A12Û3 -  tota l iron -  Mgo.diagram of the biotites from 
the Palgongsan granite.
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of negative Eu anomalies in more s i l i c i c  compsitions seen in the Andean 
and East Greenland calc-alkal ine plutonS(see Tarney & Saunders 1979).
Rb/Sr and K can be attributed to the effects of fractional c rysta l l isa ­
tion dominated by the removal of plagioclase. Zr/Y ratios do reduce 
with fract ionat ion,  especially in the more s i l i c i c  compositions (e.g. cen­
t ra l  part of the pluton), indicating part it ioning of REE into the major 
mineral phases as the magma becomes more s i l i c i c .  Notable is the strong 
coherence during fractionation of SiOg, KgO, Rb, Th, Nb, La, Ce and REE. 
Major and trace element variations are consistent with a model of inward 
fractionational crysta l l isat ion  of parental basic magma. There are 
abundant well-digested andesitic xenoliths in the marginal part of the 
pluton (Plate 4 .3a) .  The concentrations of high NFS and low LIE elements 
in the Palgongsan granite also support the conclusion that the granite 
derived from fractionation of igneous parent magma ("I-type" granite).
The compositional zoning in the Palgongsan granite indicates that,  with 
decreasing temperature, the sequence s o l id i f ied  from the margins inward. 
The compositional zoning resulted from crystal fractionation that could 
have involved a f a i r l y  simple mechanism of d i f fe rent ia t ion  "in s itu" ,  
such as ( 1) preferential accretion of c rysta l l ine  material present in .the  
magma to the margins of the magma chamber, thus displacing the melt phase 
progressively inward; and/or ( 2) downward set t l ing  of crystals, probably 
accompanied by upward movement of  melt and vo la t i les .
The observations and arguments presented for  the Palgongsan granite lead 
to the following general conclusions:
1. The granite is a ca lc -alkal ine subsol vus monzogranite. I t  is gen­
e ra l ly  a medium grained granite, which consists of quartz, feldspars, 
b io t i te  and hornblende. The grain size of the pluton increases from 
i ts  margins inwards;
2. Many of the major and trace element characteristics of the Palgongsan 
granite are consistent with a relationship by fractional c rys ta l l isa ­
tion to form a chemically zoned pattern;
3. The granite shows l ig h t  REE enrichment with ( Ce/Yb)N ratios of
5.78 -  9.50. All the REE patterns show Eu negative anomalies which 
become larger from the margin (Eu/Eu* = 0.75) to the core (Eu/Eu* =
0.24) of the pluton, mainly due to feldspar fractionation;
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4. Mineral geochemistry studies also show the zonal structure of the 
Palgongsan granite. The two-feldspar geothermometer shows that the 
temperature difference between the margin and the core part of the 
pluton is about 200°C at  various assumed pressures;
5. The Palgongsan granite showsstrong characteristics of "I-type" granite 
by mineralogy and chemical composition (Chappell & White 1974) and 
"magnetite"-series (Ishihara 1977). Sr-isotope study on the Palgong­
san granite has not been avai lable.
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C H A P T E R  5
THE CRETACEOUS EONYANG AND YOOCHEON GRANITES (CE-CY^
5.1 Introduction
The Eonyang and Yoocheon plutons are situated in the central part of the
Gyeongsang sedimentary basin ( F i g .5 .1 ) .  The Eonyang granite is exten-
2
sively exposed (160km ) on the western side of the Eonyang s tr ike-s l ip  
fa u l t  l in e ,  which trendsapproximately N20°E (F ig .5.1 and F ig .5.2) .  The 
Yoocheon granite (lOOkm^) is located to the west of the Eonyang granite.  
The accompanying sample location map (F ig .5.2) shows the local geology.
The detailed geology of the Eonyang granite was mapped by Lee & Lee 
(1972) a t  1:50,000 scale. Geochronological study on the Eonyang granite 
by Lee & Ueda (1976) reveals a 62-63 Ma K/Ar age on alka li- fe ldspars col­
lected from near Eonyang v i l lage  (see F ig .5 .2 ) ,  and 72 Ma by the K/Ar 
method on b iot i tes  taken from 8km NW of the v i l lage .  The Yoocheon 
granite area was geologically mapped by Tateiwa (1929) at 1:50,000 scale, 
and la te r  remapped by the Geological and Mineral Inst i tu te  of Korea (1973) 
The Yoocheon granites have been radiometrically measured by Jin & Choo 
(1980) and show an isochron of 75.5 -  1.2 Ma with an i n i t i a l  ^^Sr/^^Sr 
ra t io  of 0.707 -  0.0009 by the Rb/Sr whole rock method.
5.2 Field relat ions
The sedimentary rocks in the SE part of the studied area (F ig .5.2) are 
sandstone, s i l ts tone ,  sandy shale and dark greenish grey to purple shale, 
which were interpreted as f lu v ia l  or lacustrine deposits on the basis of 
the sedimentary features, including cross-bedding and r ipple marks, and 
fossils  (Chang 1975). In general, the sedimentary rocks in the Eonyang 
area str ike  N30°E, 10°-20°NW dip direction and N10°-30°W strike,  
10°-20°SW dip and delineate an ant ic l ine  plunge. These sedimentary rocks 
are thermally metamorphosed to hornfels about 1 km in width in the contact 
with granit ic  bodies and in roof pendants in these and other intrusions.
Andesitic rocks, which were extruded upon the sedimentary rocks, crop out 
extensively in a l l  parts of the studied area (F ig .5 .2 ) ,  and mainly consist 
of brecciated andesitic porphyry, andésite porphyry and andésite. Flow
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structures are often found in the NW part of the area. In the andesitic 
rocks, hydrothermal a l terat ion products, such as epidote, pyrite and 
c h lo r i te ,  are observed in some places. Joints in the andesitic rocks 
are dominantly v e r t ic a l .  The Eonyang and Yoocheon granites, which in ­
truded the sediments and andesitic rocks, are generally f ine to medium 
grained pale pinkish feldspar, b io t i te  granites, which mainly consist of 
quartz, feldspars, b io t i te  and hornblende (Plate 5 .1 ) .  The grain size 
of the granites varies only s l ig h t ly  throughout the studied area. Xeno- 
l i t h  occurrences are not abundant, except in the central part of the 
Eonyang granite where dark greyish rounded d io r i t i c  xenoliths are ob­
served (Plate 5 .2 ) .  Quartz porphyry is exposed as small stocks in the 
v ic in i ty  of  the granites. These stocks intruded both the andesitic 
rocks and the granites, and were themselves intruded by granite porphyry 
and ap l i tes .  The quartz porphyry is composed of phenocrysts of quartz 
and a lk a l ic  feldspars, and minor amounts of f ine quartz, needle-shaped 
muscovite and s e r ic i te .  The a p l i te ,  which has platy jo in ts ,  occurs as 
small stocks about 7 metres wide intruding the sedimentary rocks and 
granites (Plate 5 .3 ) .  Joints of the Eonyang and Yoocheon granites are 
predominantly N30°E, which is paralle l to the Si ni an direction. Quartz 
veins in the granites are extensively affected by the jo ints  (Plate 5 .4 ) .
The Sannae mine is located in the west of the Eonyang granite body (see 
F ig .5 .2 ) ,  and is the only producing tungsten mine in the studied area.
The average grade of ore runs a t  2.0% WO^  and 0.7% MoS^  (Lee & Lee 1972). 
These zones, which str ike  E-W for  one kilometre, have been mined to a 
depth of  200 metres, and cross-cuts a quartz monzonite stock which has 
undergone intense potassic and s e r ic i t ic  a l te ra t ion .  The ore minerals 
are found both within the quartz veins and the a l terat ion selvages. 
Scheelite occurs as a replacement phase of euhedral wolframite crystals,  
which are up to 2cms in length. Molybdenite is present as f ine  dis­
seminations throughout the quartz veins and the s e r ic i t ic  a l terat ion halo 
Pyrite appears to be a late  phase and has f i l l e d  in the open spaces be­
tween the tungstate and quartz crystals. The potassic a l terat ion is 
more restr ic ted than the s e r ic i t ic  a l terat ion which had developed up to 
1 metre from the quartz veins. The potassic a l terat ion also appears to 
predate the s e r ic i t i c  a l te ra t ion ,  which is most intense where the early 
wolframites have been completely replaced by scheelite. Seric ite  from 
the a l terat ion  halo has yielded a K/Ar age of 65 - 3 Ma, which represents 
the age of mineralisation (Fletcher & Rundle 1977)..
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PLATE 5.1 A typical hand specimen of the Cretaceous Eonyang 
granite shows fine to medium grained mineral 
components.
PLATE 5.2 Dark greyish rounded dior i t ic  xenoliths are observed 
in the central part of the Eonyang granite (photo 
taken 50 metres north of CE.10).
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PLATE 5.3 Aplite intruded the sedimentary rocks (1 kilometre 
east of CE.21).
PLATE 5.4 Quartz vein is cut by joints (N30°E). (Photo 
taken from sample location CY.7).
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5.3 Petrography
(a) Quartz
Quartz in the Eonyang and Yoocheon granites shows l i t t l e  variation in 
grain size. The quartz crystals are more abundant in the Eonyang 
granite (about 40% in volume; Table 5.1) re la t ive  to the Yoocheon 
granite (about 30% in volume). Quartz is mostly found in t e r s t i t i a l l y  
and up to 4mm in length, with an average of 1mm. The quartz grains are 
s l igh t ly  fractured and show mild undulatory extinction, due possibly to 
shearing a f te r  consolidation of the magma. The grain boundary of quartz 
crystals is graphic texture (Plate 5 .5 ) .  P o i k i l i t i c  quartzes, wtth in ­
clusions of plagioclase and b io t i te ,  are observed in some places.
(b) A lka l i - fe ldspar
A1kali-feldspar (about 30%) in the Eonyang and Yoocheon granites is up to 
4mm in length, with an average of 1.5mm. The string type of microperthite 
and/or perthite  are dominant and occur as columnar shapes (Plate 5 .6 ) .  
P o i k i l i t i c  subhedral a lka l i - fe ld sp ar  is observed with inclusions of bio­
t i t e  and magnetite. A lka l i - fe ldspar  is extensively intergrown with 
quartz in some places
(c) Plagioclase
Plagioclase crystals are generally more abundant in the Yoocheon granite 
(about 30%) in comparison with the Eonyang granite (about 25%). Plagio­
clase occurs as subhedral columnar plates which are mostly unzoned, but 
a few zonal structures are observed in some places. The plagioclase has 
been iden t i f ied  by the Michel-Levy method as oligoclase (An 12 - 22),
which shows mainly paralle l- twinning according to the Albite laws (Plate
5 .7 ) .  Some of the oligoclases show pseudomorphosed zonal structures 
which have been altered to ser ic i te  along the zonal boundaries. Poiki­
l i t i c  oligoclases are seen with inclusions of magnetite.
(d) B io t i te
Biot i te  (about 2-3%) occurs in subhedral tabular grains with an average 
of 0.5mm in length. P o i k i l i t i c  b io t i tes  are observed with inclusions of 
apat i te ,  zircon and magnetite (Plate 5 .8 ) .  The cleavage in b io t i te  is 
well developed; some b io t i te  is s l ig h t ly  altered to chlor i te .
2 3 4
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PLATE 5.5 Graphic texture of quartz (CE.2). Crossed 
polarisers. Length of photograph 3.5mm.
PLATE 5.6 String type of microperthite (CE.5). Crossed 
polarisers. Length of microphotograph 3.5mm.
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(e) Accessory minerals
The main accessory minerals are magnetite, zircon, apatite and hornblende. 
Magnetite occurs as subrounded grains, 0.2mm in length; i t  is frequently 
surrounded by b io t i te .  Zircon haloes are observed in b io t i te ,  and i t  
ranges up to 0.05mm in length. Apatite occurs ]t\ ir regular  orientation  
with needle-shape acicular  crystals in b io t i te .  The subhedral hornblende 
is often fringed by b io t i te .  The abundance of  mafic minerals, such as 
b io t i t e ,  magnetite and hornblende, is generally higher in the Yoocheon 
granite (5.5% in volume) than in the Eonyang granite (4%).
5.4 Modal analysis
In Table 5.1, the modal compositions of 30 etched and stained granite 
thin sections are given. Only a lka li - fe ldspars were stained using the 
sodium coba lt in i t ra te  method of Bailey & Stevens (1960). Lateral stage 
interval of 0.3mm and vert ical 0.5mm, using a Swift automatic point 
counter (Model E), were set for counting a t  equally spaced points. All
samples were counted for  2,000 points. The detailed methods of staining 
and varying counts for  the samples are presented in the Appendix 1.5.
F ig .5.3 i l lu s t ra te s  a l l  these points on a quartz-a lka l i  feldspar-plagio-  
clase ternary diagram for c lassif icat ion of the acidic rocks (Streckeisen 
1976). The modal compositions in the Eongyang-Yoocheon granites appear 
to be monzogranite. The amount of quartz is higher in the Eonyang 
granite re la t iv e  to the Yoocheon granite. In contrast, the plagioclase 
is re la t iv e ly  abundant in the Yoocheon granite. The (quartz + a lk a l i -  
fl@dspar) -  plagioclase-mafic tota ls  tr iangular diagram shows the magmatic 
d i f fe ren t ia t io n  in the granites (F ig .5 .4 ) .  The abundance of opaque 
minerals are plotted against (quartz + alkal i- fe ldspar)  in F ig .5.4.
5.5 Mineral paragenesis
The f ine to medium grained Eonyang and Yoocheon granites i l lu s t r a te  l i t t l e  
variat ion of grain size, texture and mineral components throughout the 
studied area. The thin section study shows a paragenetic relationship  
of the c rys ta l l isa t ion  order given in F ig .5.5. The accessory mineral, 
such as magnetite, zircon and apat i te ,  were the f i r s t  minerals crysta l ­
lised from the magam. Hornblende crystal l ised to be fringed by la ter  
plagioclase and b io t i te .  Some of  the plagioclases are zoned and these 
show a decrease in An content (22-12) toward th e ir  margins; this would 
be consistent with an increase in sodium content of the magma during cry­
stal 1 i sation.
2 3 6
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PLATE 5.7 Parallel twinning of plagioclase is abundant, some 
of the oligoclase showing zonal structure (CE.12). 
Crossed polarisers. Length of photograph 3.5mm.
PLATE 5.8 Po ik i l i t ic  biotite with inclusions of apatite,  
zircon and magnetite (CY.4).
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FIGURE 5.5 Suggested paragenetic relationship of the Eonyang-Yoocheon 
granites
Biot i te  c rys ta l l isa t ion  followed. A small amount of quartz began to 
crys ta l l ise  simultaneously or s l ight ly  la te r  than plagioclase. The last  
minerals to c rys ta l l ise  are those with in te r s t i t i a l  habits, such as a lka l i  
feldspar and quartz. In the late magmatic stage, plagioclase and bio­
t i t e  are altered to ser ic i te  and chlor i te ,  respectively.
For a consideration of the results from f ie ld  and pétrographie studies in 
the Eonyang and Yoocheon granites, the following local conclusions are 
drawn:
1. The granites show f ine  to medium grained and generally homogeneous 
in grain size.
2 4 2
2. Round d i o r i t i c  xenoliths are observed (Plate 5.2) in the central part 
of the Eonyang granite, which suggest that the granite intruded in 
the high crustal level -  subvolcanic granites.
3. Joints of the granites are predominantly N30°E (Plate 5.4) which is 
para l le l  to the Sinian direction. The jo in t  directions may be re ­
lated to the plate margin tectonism in the late Cretaceous.
4. I n t e r s t i t i a l  quartz, microperthite, hornblende and magnetite are 
dominant and belong to the magnetite-series, according to Ishihara 
(1977).
5. All the Eonyang and Yoocheon granites are classified as monzo­
granite (Streckeisen 1976).
5.6 Whole rock geochemistry
5.6.1 General statements
This section is based upon the analyses of 30 representative granites 
(21 Eonyang granites and 9 Yoocheon granites) and 7 andésites which were 
analysed fo r  major, trace and rare-earth elements. The lo ca l i t ies  of the 
analysed samples are shown in F ig .5.2. Major oxide elements were ana­
lysed by XRF method bn fused glass discs. FeO was measured by the wet 
analysis using the method of Wilson (1955). Trace elements were also de­
termined by XRF analysis on pressed powder pellets . Hf, Ta and the con­
centrations of REE were obtained by instrumental neutron activation ana­
lysis ( INAA). . Details of sample preparation, analytical method, the ir  
accuracy and precision of the whole rock geochemistry, are discussed in 
Appendix I . l  -  1.3. Previous works on the whole rock geochemistry of 
the Eonyang and Yoocheon granites are l imited, except Jin's (1981) studies 
on major elements and some trace elements, such as Cu, Pb, Zn, Mo, W, Co 
and U.
5.6.2 Major elements chemistry
(a) Introduction
The analytical results of 11 major oxide elements and CIPW norms for the 
Eonyang and Yoocheon granites and andésites, are presented in Table 5.2 
and Table 5 .4 ,  respectively. The arithmetical mean and sample standard 
deviation of  the major elements and CIPW norms, are also presented in
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CE.l CE.2 CE.3 CE.4 CE.5 CE. 6 CE.7
SiOg 74.61 74.18 73.76 72.18 73.19 73.32 72.47
TiOg 0.20 0.22 0.22 0.27 0.22 0.22 0.27
AI2O3 12.98 13.95 13.99 13.79 13.31 13.50 13.75
^®2^3 1.25 0.76 1.17 1.32 1.66 1.12 1.30
FeO 1.32 1.21 1.65 1.98 2.16 1.97 1.57
MnO 0.07 0.06 0.08 0.10 0.06 0.08 0.09
MgO 0.31 0.27 0.31 0.40 0.26 0.31 0.37
CaO 0.83 0.79 0.86 1.17 0.77 0.07 1.06
NagO 4.06 4.38 4.35 4.19 4.25 4.34 4.01
KgO 4.33 4.42 4.23 4.16 4.21 4.29 4.33
f’2°5 0.05 0.05 0.06 0.07 0.06 0.06 0.06
Total 100.02 100.29 100.67 99.62 100.15 99.97 99.28
CIPW Norms
Q 31.78 29.22 29.29 27.94 29.42 28.59 29.22
Or 25.59 26.12 25.00 24.58 24.88 25.35 25.59
Ab 34.36 37.06 36.81 35.46 35.96 36.72 33.93
An 3.79 3.59 3.87 5.35 3.43 3.43 4.87^
Di - - - - - - -
Hy 1.96 2.01 2.62 3.28 2.99 3.25 2.45
Mt 1.81 1.10 1.70 1.91 2.41 1.62 1.88
Cr 0.23 0.64 0.84 0.44 0.51 0.46 0.68
11 0.38 0.42 0.42 0.51 0.42 0.42 0.51
Ap 0.12 0.12 0.14 0.16 0.14 0.14 0.14
KgO/NagO 1.07 1.01 0.97 0.99 0.99 0.99 1.08
AlgOg/fKgO+NagO) 1.55 1.59 1.63 1.65 1.57 1.56 1.65
KgO/fKgO+Na^O) 0.52 0.50 0.49 0.50 0.50 0.50 0.52
.CaO/fKgO+NagO) 0.10 0.09 0.10 0.14 0.09 0.09 0.13
FeO(t)/MgO 8.29 7.30 9.10 8.25 14.69 9.97 7.76
L . I . 26.74 26.88 26.00 24.67 25.42 25.68 25.49
91.72 92.40 91.10 87.98 90.26 90.66 88.74
L . I .  : ( V s  SiOg + KgO) -  (FeO + MgO + CaO) 
D.I .  : Normative Qz + Or + Ab
TABLE 5.2 Major element analyses and CIPW Norms of the Cretaceous 
Eonyang-Yoocheon granites
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CE. 8 CE.9 CE.10 CE.11 CE.12 CE.13 CE.14
SiOg 73.87 72.84 73.80 73.87 72.30 73.20 73.34
TiOg 0.22 0.27 0.22 0.21 0.24 0.22 0.21
AT 2^3 12.71 14.54 12.82 14.02 14.20 13.29 13.09
^®2°3 1.21 1.02 1.19 1.03 1.38 1.56 1.61
FeO 2.24 1.48 1.25 1.26 1.95 1.84 1.95
MnO 0.07 0.07 0.06 0.06 0.09 0.07 0.07
MgO 0.26 0.44 0.30 0.28 0.32 0.32 0.30
CaO 0.72 1.23 0.83 0.85 0.80 0.74 0.78
.NagO 4.07 4.23 4.23 4.39 4.64 4.11 4.07
KgO 4.37 4.10 4.29 4.30 4.21 4.54 4.25
0.06 0.07 0.06 0.05 0.06 0.05 0.06
tota l 99.80 100.29 99.05 100.33 100.19 99.93 99.74
CIPW Norms
Q 30.40 28.74 30.33 29.22 26.17 29.15 30.53
Or 25.82 24.23 25.35 25.41 24.88 26.83 25.11
Ab 34.44 35.80 35.79 37.15 39.26 34.78 34.44
An 3.18 5.65 3.32 3.89 3.58 3.34 3.48
Di - - 0.34 - - - -
Hy 3.53 2.66 1.64 1.93 3.01 2.65 2.78
Mt 1.75 1.48 1.73 1.49 2.00 2.26 2.33
Cr 0.12 1.08 - 0.72 0.70 0.39 0.52
I I 0.42 0.51 0.42 0.40 0.46 0.42 0.40
Ap 0.14 0.16 0.14 0.12 0.14 0.12 0.14
KgO/NagO 1.07 0.97 1.01 0.98 0.91 1.10 1.04
Al203/ (K 20+Na20) 1.51 1.75 1.50 1.61 1.60 1.54 1.57
K20/ (K 20+Na20) 0.52 0.49 0.50 0.50 0.48 0.53 0.51
■ Ca0/ (K 20+Na20) 0.09 0.15 0.10 0.10 0.09 0.09 0.09
FeO(t)/MgO 13.27 5.68 8.13 8.18 10.41 10.63 11.87
L . I . 25.77 25.23 26.51 26.53 25.24 26.04 25.67
D.I . 90.66 88.76 91.47 91.78 90.31 90.76 90.08
TABLE 5.2 (continued)
conti nued
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CE.15 CE.16 CE.21 CE.22 CE. 23 CE. 24 CE.25
SiOg 73.34 73.54 75.10 74.88 74.01 73.63 74.80
TiOg 0.25 0.24 0.15 0.21 0.19 0.26 0.24
Al gOg 13.08 13.01 12.26 12.52 12.33 13.71 13.43
1.47 1.37 1.02 1.22 1.55 0.89 0.84
FeO 1.63 1.58 2.01 1.59 1.74 0.98 1.02
MnO 0.09 0.07 0.06 0.09 0.09 0.07 0.07
MgO 0.35 0.34 0.12 0.29 0.25 0.38 0.34
CaO 0.86 1.02 0.78 0.76 0.74 1.11 1.15
NagO 4.21 3.41 2.79 3.70 3.86 4.38 4.11
KgO 4.17 4.87 5.86 4.74 4.34 4.12 4.26
^2°S 0.06 0.07 0.04 0.06 0.05 0.06 0.05
Total 99.51 99.51 100.18 99.98 99.14 99.58 100.30
CIPW Norms
Q 30.00 31.89 33.47 32.46 32.33 29.26 31.35
Or 24.64 28.78 34.63 28.01 25.65 24.35 25.17
Ab 35.62 28.85 23.61 31.31 32.66 37.06 34.78
An 3.87 4.60 3.61 3.38 3.34 5.12 5.38
Di - - - - - - -
Hy 2.40 2.35 3.01 2.45 2.39 1.71 1.76
Mt 2.13 1.99 1.48 1.77 2.25 1.29 1.22
Cr 0.22 0.44 - 0.07 0.06 0.17 0.09
11 0.48 0.46 0.29 0.40 0.36 0.49 0.46
Ap 0.14 0.16 0.09 0.14 0.12 0.14 0.12
KgO/NagO 0.99 1.43 2.10 1.28 1.12 0.94 1.04
AlgOg/fKgO+NagO) 1.56 1.57 1.42 1.48 1.50 1.61 1.60
K20/ (K 20+Na20) 0.50 0.59 0.68 0.56 0.53 0.49 0.51
Ca0/ (K 20+Na20) 0.10 0.12 0.09 0.09 0.09 0.13 0.28
FeO(t)/MgO 8.86 8.68 25.25 9.69 13.16 4.92 5.47
L . I . 25.78 26.44 27.98 27.06 26.28 26.19 26.68
D.I . 90.27 89.52 91.71 91.78 90.63 90.67 91 .30
TABLE 5.2 (continued)
continued
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CY.l CY.2 CY.3 CY.4 CY.5
SiOg 72.16 71.40 72.20 73.77 72.03
TiOg 0.29 0.27 0.27 0.22 0.29
AT 2^3 14.17 14.01 14.31 14.13 13.87
1.54 1.16 1.07 0.97 1.72
FeO 1.93 2.55 1.87 1.58 1.50
MnO 0.07 0.07 0.06 0.03 0.08
MgO 0.45 0.33 0.46 0.29 0.51
CaO 1.34 1.15 1.16 1.04 1.37
NagO 4.20 4.14 4.23 3.70 4.29
KgO 4.42 4.27 4.35 4.65 4.15
0.08 0.07 0.07 0.05 0.07
Total 100.66 99.41 100.06 100.44 99.88
CIPW Norms
Q 26.62 26.67 26.97 31.12 27.24
Or 26.12 25.23 25.71 27.48 24.52
Ab 35.54 35.03 35.79 31.31 36.30
An 6.13 5.25 5.30 4.83 6.33
Di - - - - 0.01
Hy 3.04 4.23 3.36 2.52 2.27
Mt 2.23 1.68 1.55 1.41 2.49
Cr 0.23 0.65 0.70 1.24 -
I I 0.55 0.51 0.51 0.42 0.55
Ap 0.19 0.16 0.16 0.12 0.16
KgO/NagO 1.05 1.03 1.03 1.26 0.97
AlgOg/fKgO+NagO) 1.64 1.67 1.67 1.69 1.64
K20/ (K 20+Na20) 0.51 0.51 0.51 0.56 0.49
. CaO/(K204Na20) 0.16 0.14 0.14 0.12 0.16
FeO(t)MgO 7.71 11.24 6.39 8.79 6.31
L . I . 24.75 24.04 24.93 26.33 24.78
D.I . 88.28 86.93 88.46 89.90 88.07
TABLE 5.2 (continued)
conti nued
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CY.6 CY.7 CY.8 CY.9
SiOg 73.11 72.10 71.97 72.54
TiOg 0.30 0.29 0.30 0.28
AT2°3 14.38 13.82 13.86 14.09
0.95 1.22 1.18 0.93
FeO 1.56 1.82 1.52 1.14
MnO 0.06 0.05 0.08 0.04
MgO 0.47 0.49 0.48 0.43
CaO 1.28 1.41 1.38 1.49
NagO 4.17 4.17 4.44 4.55
KgO 4.31 4.40 4.14 4.17
'^2°5 0.07 0.08 0.08 0.08
Total 100.68 99.85 99.42 99.74
CIWP Norms
Q 28.34 26.68 26.33 26.33
Or 25.47 26.00 24.46 24.64
Ab 35.29 35.29 37.57 38.50
An 5.89 6.00 5. 66 5.71
Di - 0.40 0.55 0.96
Hy 2.87 3.00 2.39 1.54
Mt 1.38 1.77 1.71 1.35
Cr 0.70 - - -
11 0.57 0.55 0.57 0.53
Ap' 0.16 0.19 0.19 0.19
KgO/NagO 1.36 1.52 0.93 0.92
Al203/(K20+Na20) 1.70 1.61 1.62 1.62
K20/ (K 20+Na20) 0.51 0.51 0.48 0.48
. Ca0/ (K 20+Na20) 0.15 0.16 0.16 0.17
FeO(t)/MgO 5.34 6.20 5.63 4.81
L . I . 25.37 24.71 24.74 25.29
D.I . 89.10 87.97 88.36 89.47
TABLE 5.2 (continued)
2 4 8
CE CY CE- CY
X S X S X S
SiOg 73.68 ,0.81 72.36 0 .70 73.25 0.97
TiOg 0.23 0.03 0 .28 0.02 0.24 0.04
A I2O3 13.35 0.63 14.07 0.20 13.56 0.63
Pe,03 1.24 0.25 1.19 0.27 1.22 0.26
FeO 1.64 0.37 1.72 0 .39 1.66 0.37
MnO 0.07 0.01 0.06 0.02 0.07 0.02
MgO 0.31 0.07 0.43 0.07 0.35 0 .09
CaO 0.89 0.16 1.29 0.15 1.01 0.24
NagO 4 .08 0.40 4.21 0 .24 4.12 0.36
KgO 4.40 0.38 4.32 0.16 4.38 0.33
^2^5 0.06 0.01 0.07 0.01 0.06 0.01
Total 99.88 0.43 100.02 0.49 99.92 0.44
CIPW Norms
Qz 30.04 1.72 27.37 1 .54 29.24 2.06
Or 26.00 2.27 25.51 0.97 25.85 1.97
Ab 34.56 3.36 35.62 1.99 34.88 3.02
An 4.00 0.80 5.68 0 .48 4.51 1.05
Hy 2.52 0 .55 2.80 0.76 2.60 0.62
Mt 1 .79 0.37 1.73 0 .39 1 .77 0.37
Cr 0 .40 0.30 0 .39 0.45 0.40 0.35
11 0.43 0 .05 0.53 0.05 0.46 0.07
Ap 0.13 0.02 0.17 0.02 0.15 0.02
D.I . 90.60 1 .13 88.50 0.88 89.97 1.43
L . I . 26.11 0.75 24.99 0.63 25.77 0.88
KgO /NagO 1.10 0.26 1.12 0.21 1.11 0.24
AlgOg/Alkal i 1 .57 0.07 1.65 0.03 1.60 0.07
KgO/Alkali 0.52 0 .04 0.51 0.02 0.52 0.04
CaO/Alkali 0.11 0 .04 0.15 0.02 0.12 0.04
FeO(t)/MgO 9.98 4.32 6.94 2.02 9.07 4 .00
TABLE 5.3 Arithmetical mean (X) and sample standard deviation (S) 
of major elements and CIPW Norms for the Cretaceous 
Eonyang-Yoocheon granites
Alkdtli : KgO + NagO
2 4 9
CV.l CV.2 CV.3 CV.4 CV.5 CV.6 CV.7 X S
SiOg 63.28 61.51 57.03 55.90 58.27 60.11 57.05 59.02 2.70
TiOg 0.80 0.76 0.84 1.03 0.91 0.80 0.89 0.86 0.09
AT 2^3 17.55 16.90 17.63 17.97 16.50 16.22 18.01 17.25 0.72
^®2°3 2.72 3.61 3.31 3.78 3.76 3.16 3.04 3.34 0.40
FeO 3.41 4.25 4.29 4.91 5.33 4.82 4.90 4.56 0.63
MnO 0.13 0.17 0.15 0.17 0.15 0.20 0.13 0.16 0.02
MgO 3.29 2.16 3.82 3.79 5.23 4.53 3.51 3.76 0.97
CaO 2.07 2.89 5.91 6.48 3.82 4.19 4.31 4.24 1.56
NagO 5.51 5.29 3.68 2.61 4.05 5.10 5.80 4.58 1.16
KgO 0.94 1.42 2.31 2.73 1.49 1.23 1.67 1.68 0.63
^2^5 0.26 0.31 0.24 0.23 0.24 0.22 0.25 0.25 0.03
Total 99.95 99.29 99.20 99.60 99.76 100.57 99.56 99.70 0.46
CIPW Norms 
Q 17.69 15.00 7.91 9.63 11.22 8.57 1.11 10.16 5.34
Or 5.56 8.39 13.65 16.13 8.81 7.27 9.87 9.95 3.70
Ab 46.62 44.76 31.14 22.09 34.27 43.16 49.08 38.73 9.83
An 8.57 12.31 24.76 29.26 17.38 17.73 18.18 18.31 7.00
Di - - 2.41 1.12 - 1.31 1.28 0.87 0.92
Hy 11.13 9.26 12.39 13.40 18.48 15.94 13.38 13.43 3.04
Mt 3.94 5.23 4.80 5.48 5.45 4.58 4.41 4.84 0.58
Cr 4.33 2.15 - - 1.85 - - -
11 1.52 1.44 1.60 1.96 1.73 1.52 1.69 1.64 0.17
Ap 0.60 0.72 0.56 0.53 0. 56 0.51 0.58 0.58 0.07
KgO/NagO 0.17 0.27 0.63 1.05 0.37 0.24 0.29 0.43 0.31
AlgOg/fKgO+NagO) 2.72 2.52 2.94 3.37 2.98 2.56 2.41 2.79 0.33
KgO/fKgO+NagO) 0.15 0.21 0.39 0.51 0.27 0.19 0.26 0.28 0.13
CaO/fKgO+NagO) 0.32 0.43 0.99 1.21 0.69 0.66 0.74 0.72 0.31
FeO(t)/MgO 1.86 3.64 1.99 2.29 1.74 1.76 2.26 2.22 0.66
L . I . 13.27 12.62 7.30 6.18 6.53 7.73 7.97 8.80 2.90
D.I . 69.87 68.15 52.70 47.85 54.30 58.99 60.05 58.84 8.05
TABLE 5.4 Major element, analyses, CIPW Norms, arithmetical mean (X) 
and sample standard deviation (S) of the andésites in the 
Eonyang-Yoocheon area
2 5 0
in Table 5.3. Marker variation diagrams and inter-element variations 
are shown in F ig .5.6 -  F ig .5.8. AFM, NCK diagrams and CIPW normative 
phase equ i l ib r ia  are i l lus tra ted  in F ig .5.10 and F ig .5.11, respectively.
(b) S i l ica
The s i l ic a  content of analysed samples for the Cretaceous Eonyang and 
Yoocheon granites ranges from 71.4 wt% to 75.1 wt% (F ig .5.5);  ar ithmeti­
cal mean (X) and sample standard deviation (S) are 73.25 wt% and 0.97 wt%, 
respectively. The Eonyang granite is higher in SiOg content than the 
Yoocheon granite, the former ranging from 72.18 wt% to 75.1 wt%, with an 
average of 73.68 - 0.81 wt%, while the la t t e r  ranges from 71.4 wt% to 
73.77 wt%, with mean of 72.36 - 0.7% in weight. The concentration of 
s i l ic a  in the andésite ranges from 55.9 wt% to 63.28 wt% (average value 
of 59.02 -  2.7 wt%), which is shown in F ig .5.8.
(c) Alkalies
The content of KgO in the studied area ranges from 4.10 wt% to 5.86 wt%, 
with mean value of 4.38 -  0.33 wt%. The plots of KgO versus SiOg show 
a positive correlation in the Eonyang-Yoocheon granites (F ig .5 .6) .  The 
Eonyang granite shows a rather scattered trend in KgO content re la t ive  
to the Yoocheon granite. The concentration of Na^O for the studied area 
varies from 2.79 wt% to 4.64 wt% (average value of 4.12 - 0.36 wt%).
The average ra t io  of KgO/NagO in the Yoocheon granite is s l ight ly  higher 
than the Eonyang granite, 1.12 -  0.21 and 1.10 - 0.26, respectively.
The ra t io  of KgO/NagO in the andésites ranges from 0.17 to 1.05, with 
mean ra t io  of 0.43 -  0.31 (Table 5 .4 ) .
(d) Iron, manganese, and magnesium
The content of total iron in the studied granites ranges from 1.86 wt% 
to 3.82 wt% and shows a negative trend with SiOg (F ig .5 .6) .  The plots 
between total iron and MgO show a s l ig h t ly  positive correlation (F ig .5.7) .  
The average FeO(t)/MgO ra t io  for  the Eonyang granite (9.98 - 4.32) is 
higher than the Yoocheon granite (6.94 -  2.02) with mean rat io  of 9.07 -  
4.00) .  The FeO(t)/MgO ratios i l lu s t r a te  l i t t l e  distinguishable trend.
The manganese content ranges from 0.03 wt% to 0.10 wt%, with average of 
0.07 -  0.02% in weight. The plots between MnO and SiOg show a negative 
trend ( F i g .5 .6) .  The MgO concentration of the Eonyang-Yoocheon granites 
shows a d is t in c t  difference between the Eonyang granite and Yoocheon 
granite; the former ranges from 0.12 wt% to 0.44 wt% (average value of
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0.31 - 0.07 wt%), and the la t t e r  shows from 0.33 wt% to 0.51 wt% (mean 
value of 0.43 -  0.07 wt%). The plot between MgO and CaO i l lus tra tes  a 
positive trend (F ig .5 .7 ) ,  which is a good agreement with mafic mineral 
abundances in modal composition. Both total FeO and MgO in the andé­
sites correlate negatively with.SiOg (F ig .5 .8) .  The Feo(^)/MgO ratios  
in the andésites vary from 1.74 to 3.64, with mean ratio of 2.22 - 0.66.
(e) TiOg
The content of TiOg fo r  the Eonyang and Yoocheon granites ranges from 
0.15 wt% to 0.30 wt%, with mean value of 0.24 - 0.04% in weight. The
concentration of  TiO^ is higher in the Yoocheon granite than in the
Eonyang granite; the former ranges 0.22 ~ 0.30 wt% (average of 0.28 -
0.02 wt%), and the la t t e r  shows 0.15 -  0.27 wt% (mean of 0.23 - 0.03 wt%)
The plot of TiOg versus SiOg shows a strong negative relationship 
(F ig .5 .6) .  The decrease of Ti with increasing SiO^ is usually a t t r ib u ­
ted to the removal of t itanomagnetite and ilmenite during part ia l melt­
ing or fract ional c rysta l l isat ion  (Saunders et al 1980). TiO^ in the 
andésites, correlate negatively with s i l ic a  (F ig .5 .8) .
( f )  Aluminium, phosphorous and calcium
The AlgOg content in the Eonyang and Yoocheon granites ranges from 12.26 
wt% to 14.54 wt%, with average of 13.56 - 0.63 wt%, which is generally
higher in the Yoocheon granite re la t ive  to the Eonyang granite. The
content of AlgOg decreases with increasing SiO^ (F ig .5 .7 ) .  The average 
AlgOg/fKgO + NagO) ra t io  fro the studied area is 1.60 - 0.07. P^ O^  con­
tent shows a wide range of distr ibution from 0.04 wt% to 0.08 wt% (mean 
of 0.06 - 0.01 in weight), which is also higher in the Yoocheon granite 
than in the Eonyang granite. The plot of PgOg against SiO^ i l lus tra tes  
a negative trend ( F ig .5 .7 ) .  The content of CaO for the studied area 
ranges from 0.72 wt% to 1.49 wt%, with mean of l . b l  -  0.24 wt%, which is
higher in the Yoocheon granite (1.29 - 0.15 wt%) than in the Eonyang
granite (0.89 -  0.16 wt%). The plot  of CaO against SiOg shows a nega­
t ive  trend ( F i g .5 .7 ) .  When CaO contents are plotted against MgO, they 
i l lu s t r a te  a strong positive relationship (F ig .5.7) .  The Marker dia­
grams for  andésites from the Eonyang-Yoocheon study area are shown in 
F ig .5 .8 , which is a typical calc-alkal ine andesitic rock. The Eonyang- 
Yoocheon andesitic rocks are c lassif ied into trachyandesite and andésite; 
the l a t t e r  is dominant ( F i g .5 .9 ) .  Dif ferentiation and Larsen indices
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are presented in Table 5.2, which i l lu s t r a te  that the indices are 
generally higher in the Eonyang granite than in the Yoocheon granite.
The average d i f fe rent ia t ion  indices for the Eonyang and Yoocheon granites 
are 90.6 -  1.13 and 88.5 -  0.88, respectively. The mean Larsen indices 
are also higher in the Eonyang granite (26.11 -  0.75) than in the Yoocheon 
granite (24.99 - 0 .63) .  In each granitic body, there is no continuous 
spatial trend in Dif ferent ia tion and Larsen indices.
(g) AFM and NCK ternary diagrams
The analytical results of major elements from the Eonyang and Yoocheon 
granites are plotted on the AFM diagram (F ig .5 .10a). There is l i t t l e  
variat ion in AFM compositions between the Eonyang and Yoocheon granites,  
both of  which show clustered patterns. The d ist inct  differences in CaO 
concentrations are seen in the NCK diagram (Fig.5.10b), which show higher 
CaO content in the Yoocheon granite re la t ive  to the Eonyang granite.
The above mentioned ternary diagrams i l lu s t r a te  that the Eonyang and 
Yoocheon granites are quite evolved acidic rocks from a single magma 
series which has undergone d i f fe rent ia t ion .  AFM and NCK ternary dia­
grams for  the andésites from the studied area are shown in F ig .5.10, 
which i l lu s t r a te  compositional variation in K^ O and NagO.
(h) CIPW normative compositions and phase equi l ibr ia
The CIPW norm compositions are widely used for  the s i l i c i c  rocks (Chayes 
& Metais 1963). Granites of the studied area, with the sum of normative 
a lb i t e ,  orthoclase and quartz over 80 percent (Tutt le  & Bowen 1958), have 
been plotted (Fig .5 .11)  on phase diagrams. The Eonyang and Yoocheon 
granites form quite a wide spread, and f a l l  within the feldspars solid 
solution range. The Eonyang granite shows enrichment in normative 
quartz re la t iv e  to the Yoocheon granite; the former may have crystall ised  
under about 2 Kbars vapour pressure, and the la t te r  under about 4 Kbars 
pressure ( F i g .5 .11b).
The phase relationships in Or-Ab-An ternary feldspar were f i r s t  described 
by Tutt le  & Bowen (op c i t ) .  The system consists of solid solution 
series between a lb i te  and anorthite, and between a lb i te  and orthoclase.
The temperature d istr ibut ion over the system shows a gradual decrease 
from the An apex towards a thermal trough between Or and Ab (F ig .5 .11a), 
which shows the An is enriched in the Yoocheon granite re la t ive  to the 
Eonyang granite. Furthermore, in the projection Or-Ab-An, analysed
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feldspars from the Eonyang and Yoocheon granites l i e  on the same stra ight-  
l ine trend as the rock compositions, indicating that the removal of 
plagioclase from a parent magma w i l l  produce a successively more "grani­
t ic"  l iqu id .  The andésites show compositional variation in Ab and An
(F ig .5 . 11a). The andésites from the v ic in i ty  of Eonyang granite, i l l u ­
strate higher Ab than An re la t ive  to the Yoocheon granite area. Norma­
t ive  Q-Or-(Ab + An) compositions are plotted with a l inear trend (F ig .5 .11c),
which shows the plagioclase contents are higher in the Yoocheon granite
compared to the Eonyang granite.
CIPW norms gives normative corundum and F ig .5.12 shows the plot between 
this calculated mineral and normative quartz. As no corundum is to be 
found in these granites, we are dealing with an excess of alumina in the 
analysis over the proportion of the other elements which are combined 
with alumina in the calculation,  to form stoichiometric minerals.
Taylor (1968) suggests that percolating groundwater would probably have 
dissolved the a lka l ies  from the feldspars, leaving an excess of alumina.
5.6 .3  Trace and rare-earth element chemistry
(a) Introduction
The analytical results of trace and rare-earth elements determinations 
for  the granites and andésites from the Eonyang and Yoocheon areas are 
presented in Table 5.5 - Table 5.7. Thirty Eonyang-Yoocheon granites 
and seven andésites were analysed for 9 trace elements and nine repre-; 
sentative samples were determined for 12 rare-earth elements (REE), in ­
cluding Hf and Ta. The conventional Marker variation diagrams for  the 
trace elements are plotted in F ig .5.13. The inter-elements variations  
are also i l lu s t ra te d  in appropriate sections through F ig .5.14 - F ig .5.17.
The incompatible elements have been broadly grouped as by Schil l ing (1973) 
and are described in detail  in a previous chapter (Section 2 .6 .3 ) .  The
compatible elements, such as Ni, Cr and V, are grouped separately.
(b) LIL elements. Ce, and La
Rb contents in the Eonyang and Yoocheon granites range from llOppm to 
177ppm, with an average of 146 - 13ppm. The Eonyang granite shows high 
Rb concentrations re la t iv e  to the Yoocheon granite (151 - llppm and 136 
13ppm, respectively) .  Rb contents of andésites in the Eonyang-Yoocheon 
area i l l u s t r a te  an average of 32 - 13ppm. Rb contents are plotted
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CE.l CE.2 CE.3 CE.4 CE.5 CE.6 CE.7
Ni 2 2 3 4 6 5 4
Cr 7 8 10 9 12 8 13
Y 41 31 28 37 31 29 29
V 7 7 7 8 10 9 8
Zr 152 169 162 198 169 176 189
Nb 17 14 14 10 15 14 14
Rb 156 142 140 167 149 141 151
Sr 87 96 101 142 98 95 126
Th 19 19 15 12 18 19 28
K (X 1000) 35.94 36.69 35.11 34.53 34.94 35.61 35.94
Ca (X 1000) 5.93 5.64 6.14 8.35 5.50 5.50 7.57
Ti 1199 1319 1319 1619 1319 1319 1619
P 218.2 218.2 261.8 305.5 261.8 261 .8 261.8
K/Rb 230 258 251 207 234 253 238
Rb/Sr 1.79 1.48 1.39 1.18 1.52 1.48 1.20
Ca/Y 145 182 219 226 177 190 261
Th/Nb 1.12 1.36 1.07 1.20 1.20 1.36 2.00 ,
Nb/Y 0.41 0.45 0.50 0.27 0.48 0.48 0.48
K/Zr 236 217 217 174 207 202 190
Zr/Y 3.71 5.45 5.79 5.35 5.45 6.07 6.52
T i /Z r 7.89 7.80 8.14 8.18 7.80 7.49 8.57
TABLE 5.5 Trace elements analyses (in ppm) of the Cretaceous 
Eonyang-Yoocheon granites
conti nued
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CE.8 CE.9 CE.10 CE.11 CE.12 CE.13 CE.14 1
Ni 5 2 2 2 5 5 6
Cr 10 9 7 12 13 12 15
Y 32 26 29 24 45 27 31
V 7 9 3 3 7 7 8
Zr 182 174 163 158 180 162 166
Nb 16 9 13 15 15 12 14
Rb 140 146 157 145 154 151 138
Sr 88 il 61 104 99 101 88 81
Th 16 14 18 18 23 16 17
K (X 1000) 36.27 34.03 35.61 35.69 34.94 37.68 35.28
Ca (X 1000) 5.14 8.78 5.93 6.07 5.71 5.28 5.57
Ti 1319 1619 1319 1259 1439 1319 1259
P 261.8 305.5 261.8 218.2 261.8 218.2 261.8
K/Rb 259 233 227 246 227 250 256
Rb/Sr 1.59 0.91 1.51 1.47 1.53 1.72 1.70
Ca/Y 161 338 204 253 127 196 180
Th/Nb 1.00 1.56 1.38 1.20 1.53 1.33 1.21
Nb/Y 0.50 0.35 0.45 0.63 0.33 0.44 0.45
K/Zr 199 196 218 226 194 233 213
Zr/Y 5.69 6.69 5.62 6.58 4.00 6.00 5.35
T i /Z r 7.25 9.30 8.09 7.97 7.99 8.14 7.58
TABLE 5.5 (continued)
continued
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CE.15 CE.16 CE.21 CE.22 CE.23 CE.24 CE.25
Ni 4 3 5 5 7 3 2 .
Cr 9 8 14 11 18 9 7
Y 44 20 15 31 26 34 17
V 8 10 7 7 8 7 5
Zr 188 156 79 120 118 102 99
Nb 16 9 7 12 16 14 7
Rb 149 139 177 167 156 140 159
Sr 92 201 162 86 72 131 189
Th 18 18 18 15 18 14 13
K (X 1000) 34.61 40.42 48.64 39.34 36.02 34.20 35.36
Ca (X 1000) 6.14 7.28 5.57 5.43 5.28 7.93 8.21
Ti 1499 1439 899 1259 1139 1559 1439
P 261.8 305.5 174.6 261.8 218.2 261.8 218.2
K/Rb 232 291 275 236 231 244 222
Rb/Sr 1.62 0.69 1.09 1.94 2.17 1.07 0.84
Ca/Y 140 364 371 175 203 233 483
Th/Nb 1.13 2.00 2.57 1.25 1.13 1.00 1.86
Nb/Y 0.36 0.45 0.47 0.39 0.62 0.41 0.41
K/Zr 184 259 616 328 305 335 357
Zr/Y 4.27 7.80 5.27 3.87 4.54 3.00 5.82
T i /Z r 7.97 9.22 11.4 10.5 9.65 15.3 14.5
TABLE 5.5 (continued)
conti nued
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CY.l CY.2 CY.3 CY.4 CY.5
Ni 4 4 4 3 4
Cr 3 10 2 2 3
Y 33 29 33 24 31
V 14 12 13 7 16
Zr 191 183 195 187 192
Nb 14 13 13 12 5
Rb 151 125 141 110 139
Sr 149 139 148 193 148
Th 14 18 19 17 12
K (X 1000) 36.69 35.44 36.11 38.60 34.45
Ca (X 1000) 9.57 8.21 8.28 7.43 9.78
Ti 1739 1619 1619 1319 1739
P 349.1 305.5 305.5 218.2 305.5
K/Rb 243 284 256 351 248
Rb/Sr 1.01 0.9 0.95 0.59 0.94
Ca/Y 290 283 251 310 315
Th/Nb 1.00 1.38 1.46 1.42 2.40
Nb/Y 0.42 0.45 0.39 0.50 0.16
K/Zr 192 194 185 206 179
Zr/Y 5.79 6.31 5.91 7.79 6.19
T i /Z r 9.10 8.85 8.30 7.05 9.06
*87sr/86sr 0.709 0.710 0.710 0.709 -
*  analysed by Jin, M.S. & Choo, S.H. (KIER)
TABLE 5.5 (continued)
conti nued
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CY.6 CY.7 CY.8 CY.9
Ni 5 4 5 4
Cr 13 10 11 12
Y 52 32 37 32
V 13 13 13 13
Zr 193 169 257 194
Nb 12 11 20 13
Rb 142 135 151 126
Sr 162 164 148 169
Th 17 18 15 20
K (X 1000) 35.77 36.52 34.36 34.61
Ca (X 1000) 9.14 10.1 9.85 10.6
Ti 1799 1739 1799 1679
P 305.5 349.1 349.1 349.1
K/Rb 252 271 228 275
Rb/Sr 0.88 0.82 1.02 0.75
Ca/Y 176 316 266 331
Th/Nb 1.42 1.64 0.75 1.54
Nb/Y 0.23 0.34 0.54 0.41
K/Zr 185 216 134 178
Zr/Y 3.71 5.28 6.95 6.06
T i /Z r 9.32 10.3 7.00 8.65
*87$r/86sr - 0.7095 0.711 0.709
*  analysed by Jin, M.S. & Choo, S.H. (KIER)
TABLE 5.5 (continued)
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CE CY CE- CY
X S X S X S
Ni 4 2 4 1 4 1
Cr 11 3 7 5 10 4
Y 30 8 34 8 31 8
V 7 2 13 2 9 3
Zr 155 33 196 24 167 35
Nb 13 3 13 4 13 3
Rb 151 11 136 13 146 13
Sr 114 37 158 16 127 38
Th 17 3 17 3 17 3
K (X 1000) 36.52 3.19 35.84 1.35 36.31 2.76
Ca (X 1000) 6.33 1.16 9.22 1.04 7.20 1.74
Ti 1356 174 1672 148 1451 221
P 251.4 33.5 315.2 42.4 270.6 46.4
K/Rb 243 19 268 36 250 27
Rb/Sr 1.42 0.37 0.87 0.14 1.26 0.41
Ca/Y 230 '90 • 282 47 246 82
Th/Nb 1.40 0.40 1.45 0.45 1.42 0.41
Nb/Y 0.44 0.08 0.38 0.12 0.43 0.10
K/Zr 253 98 185 23 233 88
Zr/Y 5.37 1.15 6.00 1.12 5.56 1.16
T i /Z r 9.08 2.19 8.63 1.06 8.95 1.92
TABLE 5.6 Arithmetical (X) and sample standard deviation (S) of
trace elements for the Cretaceous Eonyang-Yoocheon granites
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CV.l CV.2 CV.3 CV.4 CV.5 CV.6 CV.7
Ni 10 13 21 17 26 25 10
Cr 21 17 46 34 39 22 14
Y 22 27 25 29 20 17 25
V 124 108 177 198 178 148 161
Zr 128 131 144 156 142 130 122
Nb 5 6 6 6 7 6 5
Rb 13 28 44 51 33 35 18
Sr 497 564 591 429 631 457 504
Th 4 2 6 4 3 5 2
K (X 1000) 7.8 11.79 19.17 22.66 12.37 10.21 13.86
Ca (X 1000) 14.8 20.6 42.2 46.3 27.3 29.9 30.8
Ti 4796 4556 5036 6175 5455 4796 5336
P 1135 1353 1047 1004 1047 960 1091
K/Rb 600 421 436 444 375 292 770
Rb/Sr 0.03 0.05 0.07 0.12 0.05 0.08 0.04
Ca/Y 673 763 1688 1597 1365 1759 1232
Th/Nb 0.80 0.33 1.00 0.67 0.43 0.83 0.40
Nb/Y 0.23 0.22 0.24 0.21 0.35 0.35 0.20
K/Zr 61 90 133 145 87 78 114
Zr/Y 5.82 4.85 5.76 5.38 7.10 7.65 4.88
T i /Z r 37.47 34.78 34.97 39.58 38.42 36.89 43.74
TABLE 5.7 Trace elements analyses (in ppm) of the Cretaceous 
andesitic rocks around Eonyang-Yoocheon area
continued
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X S
Ni 17 7
Cr 28 12
Y 24 4
V 156 32
Zr 136 12
Nb 6 1
Rb 32 13
Sr 525 73
Th 4 1
K (X 1000) 13.98 5.20
Ca (X 1000) 30.3 11.1
Ti 5164 547
P 1091 129
K/Rb 477 159
Rb/Sr 0.06 0.03
Ca/Y 1297 436
Th/Nb 0.64 0.25
Nb/Y 0.26 0.06
K/Zr 101 30
Zr/Y 5.92 1.08
T i /Z r 37.98 3.07
TABLE 5.7 (continued)
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FIGURE 5.13 Marker Variation diagrams (trace elements in ppm) for the 
Eonyang and Yoocheon granites.
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against SiO^, which shows a positive correlation (F ig .5.13).  The Sr 
content is generally high in the Yoocheon granite (mean: 158 - 16ppm) 
compared to the Eonyang granite (mean: 114 - 37ppm). The average Sr con­
tent in the Eonyang-Yoocheon andésites is 525 -  73ppm. Rb/Sr ratios are 
higher in the Eonyang granite than in the Yoocheon granite (1.42 - 0.37 ■ 
and 0.87 - 0.14, respectively) .  High Rb/Sr and modal K-feldspar rich 
nature of the Eonyang-Yoocheon granites has led to a view that the magma 
has undergone extensive crystal fractionation. This plots of Rb/Sr- 
SiOg and Rb/Sr-Rb show positive trend (F ig .5.13 and F ig .5.14, respectively) 
The plot between Rb and Sr contents in the granites shows a negative 
trend. (F ig .5 . 13a).
The K/Rb ratios range from 222 to 351 in the Eonyang-Yoocheon granites,  
with a mean ra t io  of 250 - 27. K/Rb ratios within the andésites vary 
from 292 to 770 (mean: 477 - 159). The K/Rb ratios correlate negatively 
against the D if ferent ia t ion Index (F ig .5.15). The correlation between 
KgO and Rb in the granites i l lus tra tes  a positive trend, which shows 
KgO/Rb ratios of 250 ~ 300. Extensive separation of both hornblende and 
feldspar could account for decreasing K/Rb ratios as Dif ferent iation In­
dex increases.
The concentrations of Th and Nb show l i t t l e  variation in the Eonyang- 
Yoocheon granites (mean values of 17 -  3ppm and 13 -  3ppm, respectively).  
The average La and Ce contents also i l lu s t ra te  l i t t l e  variation, being 
36.27 - 4.96ppm and 72.3 - 9.72ppm, respectively. Rb and Rb/Sr increase 
with f ract ionat ion ,  while Sr and K/Rb decrease.
(c) HFS elements, REE, and Y
The Zr concentrations for the Eonyang and Yoocheon granites range from 
79ppm to 257ppm, with a mean of 167 - 35ppm. The contents of Zr are 
higher in the Yoocheon granite (average of 196 - 24ppm) than in the 
Eonyang granite (mean of 155 - 33ppm). The average Zr content in the 
andésites is 136 -  12ppm. Zr shows negative correlations with SiOg 3nd 
Rb ( F i g .5.16 and F ig .5.17, respectively). The plots of Zr-Sr and Zr-Y 
show a positive trend in Fig. 5.17. A plot of Rb versus Zr shows similar  
distr ibut ion patterns of increasing LIL/HFS ratios with fractionation.
K/Zr ratios are high in the Eonyang granite (mean: 253 - 98) re la t ive  to 
the Yoocheon granite (mean: 185 - 23). Hf contents in the studied area 
show a l i t t l e  variation of 3. 38ppm~12.76ppm with mean value of
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FIGURE 5.13a Inter-element variation diagrams (trace 
elements in ppm) for the Eonyang and 
Yoocheon granites.
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FIGURE 5.14 Plot of Rb/Sr against Rb for the Eonyang and Yoocheon 
granites area. CE = Eonyang granite; CY = Yoocheon 
granite; CV = andésites in the studied area.
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2 7 6
5.92 - 3.24ppm. Hf concentrations are generally higher in the Yoocheon 
granite (8.96 -  5.38ppm) than in the Eonyang granite (4.71 - 1.44ppm).
The average Hf content in the andésites is 3.51 - 0.95ppm. Zr/Hf 
ratios are s l ig h t ly  higher in the Eonyang granite (30.82 - 12.56) than 
in the Yoocheon granite (28.23 - 11.43). The average Zr/Hf ratio in the 
andésites is 41.63 - 6.1.
The concentrations of Ta in the studied granites range from 1.02ppm to 
1.52ppm, with mean of 1.17 - O.lSppm. The concentrations of Y are 
higher in the Yoocheon granite (34 - 8ppm) than in the Eonyang granite 
(30 -  8ppm). The plot of Y-SiO^ shows a negative trend (F ig .5.16).
The Y contents in the andésites vary from 108ppm to 198ppm, with mean con­
tent of  156 - 32ppm.
I t  is apparent from F ig .5.13 to F ig .5.17 that granites from the Eonyang- 
Yoocheon areas exhibit increasing concentration of LIL elements (de­
creasing abundances of the HFS elements) with fractionation.
The REE abundance data for the 7 representative granite samples (5 from 
the Eonyang granite and 2 from the Yoocheon granite) ,  and 2 representa­
t ive  andésites, have been normalised to the average chondritic abundances 
(Frey et al 1968), and presented in Table 5.8 and plotted on logarithmic 
scale versus atomic number (F ig .5.18 and F ig .5.19, respectively).  The 
REE patterns for the Eonyang and Yoocheon granites show a similar trend 
( F ig .5.18) .  The granites show l igh t  REE enrichment and slight  depletion 
of heavy REE with (Ce/Yb)N ratio  of 4.24 ~ 22.17 (mean ratio of 8.31 - 
6.49) .  The average total REE in the granites is 146.54 -  18.54ppm.
Eu/Eu* ratios range from 0.51 to 0.89 (average of 0.75 - 0 .13) ,  with 
small Eu negative anomalies which indicate the influence of feldspar 
fract ionation.
The REE patterns for  the andésites in the studied area show l ig h t  REE en- 
richement and heavy REE depletion, with a (Ce/Yb)N mean ratio of 8.31 
6.49 ( F i g .5 .19) ,  which show decreasing total REE content and increasing 
positive Eu anomalies. Eu/Eu* ratios in the andésite range 1.06 ~ 1.43, 
with mean of 1.25 - 0.26 with positive Eu anomalies, as would be expected 
i f  hornblende fractionation were operating. Hornblende removal would 
produce a positive Eu anomaly in the residual l iqu id ,  because REE par­
t i t io n  coeff ic ients for hornblende in dacite are greater than 1, and 
values for  the heavy REE are as high as 6 (Higuchi & Nagasawa 1969,
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CE.l CE.8 CE.14 CE.21 CE.24
La 36.41 33.13 34.44 31.82 39.36
Ce 73.48 65.74 71.35 60.06 79.70
Nd 26.09 22.05 26.69 18.32 33.37
Sm 5.44 3.05 3.42 2.45 4.07
Eu 0.71 0.81 0.71" 0.75 1.00
Gd 3.45 3.26 3.26 2.54 3.92
Tb 0.88 0.68 0.64 0.46 0.84
Tm 0. 65 0.49 0.41 0.24 0.61
Yb 4.33 3.26 2.82 1.48 3.89
Lu 0.58 0.51 0.44 0.20 0.53
Hf 4.33 3.82 4.95 3.38 7.05
Ta 1.13 1.02 1.05 1.08 1.29
ZREE 152.02 132.98 144.18 118.32 167.29
La/Yb 8.41 10.16 12.21 21.5 10.12
Ce/Yb 16.97 20.17 25.30 40.58 20.49
Eu/Eu* 0.51 0.79 0.71 0.89 0.76
(La/Sm)N 4.19 6.73 6.25 8.17 6.00
(Ce/Yb)N 4.24 5.07 6.41 10.61 5.11
(La/Yb)N 5.69 6.82 7.28 14.85 6.67
Zr/Hf 35.10 47.64 33.54 23.37 14.47
La/Ta 32 32 33 29 31
Z Ce 142.13 124.78 136.61 113.40 157.50
Z Y 9.89 8.20 7.57 4.92 9.79
Z REE 
Eu*
N
Z Ce 
Z Y
total concentration of REE
Eu value derived by interpolation between Sm and Gd 
chondrite normalised value 
sum of l ig h t  REE (La to Eu) 
sum of heavy REE (Gd to Lu)
TABLE 5.8 Rare-Earth Elements analyses (in ppm) of the Cretaceous 
Eonyang-Yoocheon granites and andesitic rocks
continued
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CY.4 CY.8 CV.4 CV.6
La 45.92 32.81 18.37 15.09
Ce 89.15 66.59 40.86 37.59
Nd 27.63 27.57 21.51 22.77
Sm 2.64 3.62 4.57 4.12
Eu 0.77 0.78 1.63 1.30
Gd 2.55 3.46 4.14 3.06
Tb 0.43 0.77 0.78 0.58
Tm 0.20 0.57 0.44 0.27
Yb 1.14 3.75 2.77 1.32
Lu 0.16 0.49 0.39 0.16
Hf 5.15 12.76 4.18 2.83
Ta 1.07 1.52 0.57 0.34
ZREE 170.59 140.41 95.96 86.26
La/Yb 40.28 8.75 6.63 11.43
Ce/Yb 78.20 17.76 14.75 28.48
Eu/Eu* 0.87 0.69 1.06 1.43
(La/Sm)N 10.77 5.71 2.49 2.40
(Ce/Yb)N 22.17 4.53 4.00 8.14
(La/Yb) ■ 26.92 5.88 4.67 7.67
Zr /Hf 36.31 20.14 37.32 45.94
La/Ta 43 22 32 44
ZCe
ZY
166.11
4.48
131.37
9.04
86.94
8.52
80.87
5.39
TABLE 5.8 (continued)
2 7 9
CE CY CV
X S X S X S
La 35.03 2.95 39.37 9.27 16.73 2.32
Ce 70.07 7.50 77.87 15.92 39.23 2.31
Nd 25.30 5.63 27.60 0.04 22.14 0.89
Sm 3.69 1.14 3.13 0.69 4.35 0.32
Eu 0.80 0.12 0.78 0.01 1.47 0.23
Gd 3.29 0.50 3.01 0.64 3.60 0.76
Tb 0.70 0.17 0.60 0.24 0.68 0.14
Tm 0.48 0.16 0.39 0.26 0.36 0.12
Yb 3.16 1.10 2.45 1.85 2.05 1.03
Lu 0.45 0.15 0.33 0.23 0.28 0.16
Hf 4.71 1.44 8.96 5.38 3.51 0.95
Ta 1.11 0.11 1.30 0.32 0.46 0.16
ZREE 142.96 18.59 155.50 21.34 90.86 6.51
La/Yb 12.48 5.52 24.52 22.30 9.03 3.39
Ce/Yb 24.70 9.36 47.98 42.74 21.62 9.71
Eu/Eu* 0.73 0.14 0.78 0.13 1.25 0.26
(La/Sm)N 6.27 1.43 8.24 3.58 2.45 0.06
(Ce/Yb)N 6.29 2.54 13.35 12.47 6.07 2.93
(La/Yb)N 8.26 3.73 16.40 14.88 6.17 2.12
Zr/Hf 30.82 12.56 28.23 11.43 41.63 6.10
La/Ta 31.40 1.52 32.50 14.85 38.00 8.49
ZCe 134.88 16.81 148.74 24.56 83.91 4.29
ZY 8.07 2.03 6.76 3.22 6.96 2.21
TABLE 5.9 Arithmetical mean (X) and sample standard deviation (S) 
of REE for the Cretaceous Eonyang-Yoocheon granites and 
andesitic rocks
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CE--CY
X S
La 36.27 4.96
Ce 72.30 9.72
Nd 25.96 4.73
Sm 3.53 1.01
Eu 0.79 0.10
Gd 3.21 0.50
Tb 0.67 0.18
Tm 0.45 0.18
Yb 2.95 1.22
Lu 0.42 0.17
Hf 5.92 3.24
Ta 1.17 0.18
ZREE 146.54 18.54
La/Yb 15.92 11.64
Ce/Yb 31.35 22.18
Eu/Eu* 0.75 0.13
(La/Sm)N 6.83 2.10
(Ce/Yb)N 8.31 6.49
(La/Yb)N 10.59 7.87
Zr/Hf 30.08 11.34
La/Ta 31.71 6.21
ZCe
ZY
138.84
7.70
18.30
2.21
TABLE 5.9 (continued)
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FIGURE 5.18 Chondrite normalised REE patterns for the Cretaceous Eonyang 
and Yoocheon granites.
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FIGURE 5.19 Chondrite normalised REE patterns for the Eonyang- 
Yoocheon andésites in the studied area.
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Nagasawa & Schnetzler 1971; Arth & Barker 1976).
The abundances of incompatible elements in the Eonyang-Yoocheon granites, 
and andésites normalised to an estimated undepleted primordial mantle 
composition (Shaw 1972), are shown in F ig .5.20. The plot reveals that 
the granites are characterised by strong enrichment of Rb, Th, K, La, Ce, 
Nd, Hf and Tb re la t iv e  to Ta, Nb, Sr, P, Zr and T i . This is typical of 
c a lc -a lka line  granitoid rocks. The andésites are also characterised by 
strong enrichment of Rb, Th, K which have high bulk distribution coef­
f ic ie n ts  in andesitic magma.
(d) Compatible elements
The Ni concentrations for the Eonyang-Yoocheon granite range from 2ppm to 
5ppm, with mean value of 4 -  Ippm (F ig .5 .16). The Cr contents in the 
studied area range from 2ppm to IBppm (mean of 10 -  4ppm). The con­
centration of Cr is generally higher in the Eonyang granite (11 - 3ppm) 
than in the Yoocheon granite (7 - 5ppm). The Yoocheon granite shows 
higher V contents (34 -  Bppni) than the Eonyang granite (30 - Bppm), and 
i l lu s t r a te  a good negative correlation with SiOg ( f i g . 5.16).
5.7 Mineral geochemistry
5.7.1 General statements
The mineral geochemistry of 12 representative samples from the Cretaceous 
Eonyang and Yoocheon granites was studied, using the energy dispersive 
electron microprobe at the Department of Earth Sciences, University of 
Cambridge. The main purpose of this section is to elucidate important 
chemical variations in each mineral phase through magmatic evolution.
The analytical results are presented for a lka li-fe ldspars , plagioclase 
and b io t i te  (Table 5.10 - Table 5 .12). Analytical techniques and com­
ments on the accuracy Sc precision of analysis are given in Appendix 1.4. 
No previous work on the mineral geochemistry from the studied area has 
been reported.
5.7.2 Chemistry of a lka li- fe ld sp a r and two-feldspar geothermometry
Analytical results for the exsolved a lka li- fe ld sp ar are presented in 
Table 5.10. P e rth it ic  a lka li-fe ldspars  are abundant in the Eonyang- 
Yoocheon granites, as described in the previous petrography section.
200 —
O CE 1 
A CE 24 
□ CE 8 
•  CE 14 
■ CE 21
a CY8
.▼CY4
VÇV_6
Rb Th U Hf  Z r  Eu Ti Tb
figure 5.20 Incompatible element abundances in the Eonyang and Yoocheon
granites and andésites normalised to estimated primordial mantle 
abundances (Shaw 1972).
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The number of cation K in the a lka li-fe ldspar is higher in the Eonyang 
granite re la t iv e  to the Yoocheon granite, but the number of cation Na  ^
is higher in the Yoocheon granite. The number of cations and Na"^  in 
the a lka li-fe ld sp ars  from the studied granites does not show any con­
tinuous trend.
A technique for determining geological temperature based on the d is t r i ­
bution of the a lb ite  component between two co-existing feldspars is of 
great practical signficance, and details of this geothermometer are pre­
viously described in Stormer (1975), Powell & Powell (1977), and Brown & 
Parsons (1981). Analytical results of perth it ic  a lka li-fe ldspars  from 
the Eonyang-Yoocheon granites are plotted on a graphical geothermometer 
in F ig .5.21 (Powell & Powell 1977), which i l lu s tra te s  that the tempera­
ture of cessation of exsolution in perth it ic  a lka li-fe ldspars  was about 
500-600°C at an assumed pressure of 2 Kbar. The graphic representation 
of this geothermometer shows that although the perthites plot in a large 
range of temperature over the Eonyang-Yoocheon granites as a whole, each 
granite shows only a small temperature variation; Eonyang granite from 
500 ~550°C and Yoocheon from 550~600°C at an assumed pressure of 2 Kbar.
Using Powell & Powell's geothermometer (1977), calculated temperature for  
cessation of exsolution remain within a narrow range in each granite, 
even when a range of pressure is considered (Table 5.11). The tempera­
tures of exsolution show no continuous trends, which implies that the 
Eonyang-Yoocheon granites were emplaced through weak faulted zone in a 
high-level crustal environment. From the above geothermometer, i t  can 
be concluded that the Eonyang granite was emplaced at higher crustal en­
vironment (low temperature) re la tive  to the Yoocheon granite. Such high 
crustal level of gran itic  emplacement can be expected in the anhydrous 
magmatic condition (Harris et al 1970).
5 .7 .3  Chemistry of plagioclase
The plagioclase analyses are presented in Table 5.12. Numbers of 
a lk a li  cations (XNa + XK) in plagioclase are higher in the Eonyang 
granite than in the Yoocheon granite (F ig .5 .22), which show a positive 
relationship with Si^^. Numbers of cation in plagioclase are higher 
in the Yoocheon granite re la t iv e  to the Eonyang granite, which i l lu s t ra te  
a negative trend with cation Si^^\ The range of compositional varia ­
tion of cation Si^^ shows a l i t t l e  variation. The study of plagioclase
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FIGURE 5.21 Coexisting a lka li  feldspar-plagioclase geothermometer 
diagram at 2 Kbar (a f te r  Powell & Powell 1977).
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Mineral XNa %K T°C
1Kb 3Kb 5Kb 7Kb 10Kb
CE.l
AF 0.099 0.830
350 368 386 40^ 431
PL 0.871 0.009
CE.2
AF 0.194 0.757
441 462 483 503 534
PL 0.920 0.016
CE.9
AF 0.159 0.825
446 467 487 508 539
PL 0.928 0.008
CE.13
AF 0.148 0.782
395 414 433 452 481
PL 0.888 0.011
CE22
AF 0.076 0.907
357 375 393 411 438
PL 0.918 0.016
CE24
AF 0.121 0.865
425 446 466 486 516
PL 0.865 0.023
CY3
AF 0.397 0.578
574 598 623 647 684
PL 0.896 0.019
CY.5
AF 0.242 0.685
447 468 489 510 541
PL 0.902 0.017
CY.8
AF 0.342 0.654
573 597 622 646 683
PL 0.918 0.008
 ^ K(AF) [6330 + 0.093 P + 2 X^^^^pj(1340 + 0.019 P)]
T (K) =
R InKD + X K(AF)[" * '63 + 1.54 %Na(AF)]
R = 1.9872 Cal 
KD =
^Na(PL)
K = C + 273'
(a f te r  Powell & Powell 1977)
TABLE 5.11 Temperatures of cessation of exsolution at the various 
pressures for the Cretaceous Eonyang-Yoocheon granites
290
CE.l CE.2 CE.9 CE.13 CE.14 CE. 22 CE. 24
SiOg 66.483 65.951 64.628 66.020 65.951 66.783 65.854
AT 2^3 20.783 20.602 22.020 20.869 20.762 20.886 21.472
FeO(t) - 0.152 0.176 - 0.134 ’ 0.116 0.169
CaO 1.836 1.916 2.731 1.950 1.942 1.617 2.899
NagO 10.733 10.399 9.885 10.541 10.496 11.150 9.988
KgO 0.208 0.371 0.408 0.328 0.330 0.174 0.423
Total 100.043 99.392 99.848 99.708 99.615 100.725 100.806
Recalculated on 8 oxygens
Si 2.919 2.918 2.855 2.911 2.912 2.916 2.881
Al 1.076 1.075 1.147 1.085 1.081 1.075 1.107
Fe - 0.006 0.006 - 0.005 0.004 0.006
Ca 0.086 0.091 0.129 0.092 0.092 0.076 0.136
Na 0.913 0.892 0.846 0.901 0.898 0.944 0.847
K 0.012 0.021 0.023 0.018 0.019 0.010 0.024
Mole proportion {%)
Or 1.2 2.1 2.3 1.8 1.9 0.9 2.4
Ab 90.3 88.8 84.8 89.1 89.0 91.7 84.1
An 8.5 9.1 12.9 9.1 9.1 7.4 13.5
TABLE 5.12 Plagioclase analyses fo r the Cretaceous Eonyang-Yoocheon granites
continued
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CY.3 CY.5 CY.8
SiOg 64.318 64.493 63.770
Al^Os 22.272 22.560 23.151
FeO(t) - 0.129 0.210
CaO 3.198 3.847 2.516
NagO 9.950 9.291 9.655
KgO 0.164 0.318 0.397
Total 99.903 100.637 99.699
Recalculated on 8 oxygens
Si 2.840 2.830 2.819
Al 1.159 1.167 1.207
Fe - 0.005 0.008
Ca 0.151 0.181 0.119
Na 0.852 0.790 0.827
K 0.009 0.018 0.022
Mole proportion (%)
Or 0.9 1.8 2.3
Ab 84.2 79.9 85.4
An 14.9 18.3 12.3
TABLE 5.12 (continued)
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FIGURE 5.22 The variations of ^ a lk a l is ,  -  % i , and 
%Ca, -X s i in plagioclase.
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re flects  that the Eonyang granite (high in a lka li  cations and low Ca++ 
cation) is more evolved than the Yoocheon granite, as already shown by 
the previous whole rock geochemistry.
5 .7 .4  Chemistry of b io t i te
The analytical results and structural formulae of b iotites from the
Eonyang and Yoocheon granites are presented in Table 5.13. The AlgOg-
tota l iron-MgO diagram is plotted in F ig .5.23, which shows l i t t l e  varia­
tion . Ionic Mg/(Nlg + Fe) ratios are shown in Table 5.13, which range
from 53.914 to 65.825 with small variation. The chemistry of b io t ite  in 
the Eonyang-Yoocheon granites does not show any noticeable variation,  
which is due to th e ir  high crustal level emplacement.
5.8 Discussion and conclusions
The trace element data in the Eonyang-Yoocheon andésites show low Rb 
(32ppm), low Rb/Sr (0.06) and high Sr (525ppm). Total REE contents are 
r e la t iv e ly  high (91 ppm), and there is re la t iv e ly  heavy REE depletion 
(Ce/Yb)N = 6. The andésites show positive Eu anomalies (Eu/Eu* = 1 .25),  
suggesting that they are plagioclase-rich phase. The general model for  
the andésite production, which is probably most applicable to the Eonyang- 
Yoocheon andésites, is suggested as partia l melting of mantle wedge, as 
w il l  be argued below. Some possible mechanisms, which may account for  
the genesis of andésite magma and for the observed chemical variations  
of the rocks from the Eonyang-Yoocheon area, are examined in the l ig h t  of 
the trace and rare-earth elements.
The evaluated models (Ringwood 1974) include: (1) Fractionation of
basaltic  magma by the c rys ta ll isa tion  of amphibole, or partia l melting 
of amphibolite; (2) Fractionation of basaltic magma by the c r y s ta l l i ­
sation of garnet and clinopyroxene, or partia l melting of quartz eclo- 
g ite ;  (3) Direct p artia l melting of unfractionated upper mantle under 
high water pressure.
1. The pa rt ia l melting of subducted ocean-floor th o le iites  in the amphi­
b o lite  facies could produce liquids of andesitic composition
(Holloway & Burnham 1972; Allen et al 1975). The re la t iv e ly  low
content of HREE (5 -  12 times chondritic abundances) of Eonyang- 
Yoocheon andésites negate th e ir  derivation from e ither fresh or 
altered ocean-ridge basalts by fractionation of low s il ic a  amphibole.
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CE.l CE.2 CE.9 CE.13
SiOg 39.193 37.272 39.398 37.713
AI2O3 12.475 13.268 12.296 13.804
2.742 3.619 3.266 3.669
FeO(t) 18.161 16.381 19.157 15.333
MgO 13.347 14.392 12.683 14.717
MnO 0.638 0.536 1.034 0.456
KgO 9.278 9.732 9.615 9.352
Total 95.835 95.201 97.449 95.044
Recalculated on 11 oxygens
Si 2.951 2.822 2.940 2.832
Al 1.107 1.184 1.082 1.222
Ti 0.155 0.206 0.183 0.207
Fe 1.143 1.037 1.196 0.963
Mg 1.498 1.624 1.411 1.647
Mn 0.041 0.034 0.065 0.029
K 0.891 0.940 0.916 0.896
Ionic Mg/(M.g+Fe) 56.704 61.024 54.125 63.104
TABLE 5.13 B iotites analyses of the Cretaceous Eonyang-Yoocheon 
granites
continued
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CE.14 CE.16 CE. 22 CE.24
SiOg 38.669 39.998 38.599 39.650
AI2O3 13.168 13.119 12.473 12.575
TiOg 3.218 2.856 3.465 3.372
FeO(t) 14.604 18.165 15.290 15.094
MgO 15.450 13.195 14.329 15.298
MnO 0.560 0.940 0.794 0.577
KgO 9.696 8.861 9.646 9.674
Total 95.365 97.133 94.596 96.240
Recalculated on 11 oxygens
Si 2.886 2.957 2.919 2.933
Al 1.159 1.143 1.112 1.097
Ti 0.181 0.159 0.197 0.188
Fe 0.912 1.123 0.967 0.934
Mg 1.719 1.454 1.615 1.687
Mn 0.035 0.059 0.051 0.036
K 0.923 0.836 0.931 0.913
Ionic Mg/(Mg+Fe) 65.342 56.416 62.547 64.364
TABLE 5.13 (continued)
continued
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CY.l CY.3 CY.5 CY.8
SiOg 39.081 38.836 39.741 39.066
Al gfOg 13.225 13.151 12.225 12.888
Ti Og 3.294 3.474 2.883 3.032
FeO(t) 14.328 14.678 19.253 15.439
MgO 15.486 15.020 12.640 15.227
MnO 0.546 0.450 0.950 0.536
KgO 9.684 9.772 9.240 9.636
Total 95.644 95.381 96.993 95.825
Recalculated on 11 oxygens
Si 2.901 2.898 2.972 2.910
Al 1.157 1.157 1.078 1.132
Ti 0.184 0.195 0.162 0.170
Fe 0.889 0.916 1.204 0.962
Mg 1.713 1.670 1.409 1.690
Mn 0.034 0.028 0.060 0.034
K 0.917 0.930 0.882 0.916
Ionic Mg/(Mg+Fe) 65.825 64.583 53.914 63.735
TABLE 5.13 (continued)
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FIGURE 5.23 AI2O3-  total iron - MgO diagram for b iotites from the 
Eonyang and Yoocheon granites.
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Lopetz-Escobar et al (1974) on Peruvian andésites. Since the par­
t i t io n  coeffic ients of HREE for amphibole are s ign if icantly  smaller 
than 1 (Schnetzler & Philpotts 1970), the amphibole fractionation re­
quired to generate the major element compositon of andésites from 
that of th o le i i t ic  basalts should produce a larger enrichment of HREE 
in andésites as compared to ocean-floor basalts, which have HREE 
abundances 10 - 20 times those of chondrites. An amphibole control­
led fractionation of a basaltic parent is also not consistent with 
the observed low content of transition elements, particu larly  Ni 
(17ppm), in the andésites from the Eonyang-Yoocheon area.
2. High pressure eclogite (garnet and clinopyroxene) fractionation of a 
basaltic  source can produce an andesitic liqu id  (Green & Ringwood 
1968; Green 1972). I t  has been suggested (Fitton 1971; Green 1972; 
Ringwood 1974) that the partia l melting of subducted oceanic basalts 
in the eclogite facies plays an important role in the generation of 
ca lc -a lka line  magmas. The major element composition of andésites 
requires a large degree of partia l melting of quartz eclogite, while 
the abundances of LILE and of some transition elements in andésite, 
can only be derived by a small degree of partia l melting. Assuming 
that eclogite has a REE content similar to the ocean-ridge basalts, 
then the p artia l melting of the eclogite assemblages, leaving garnet 
as a residuum, would lead to a strong depletion of HREE in the liqu id  
(G il l  1974). Thus, the observed, rather f l a t  (low slope) patterns 
of HREE in the Eonyang-Yoocheon andésites also exclude eclogites with 
REE abundances sim ilar e ither to fresh or to altered oceanic basalts 
as suitable source rocks.
3. Andesitic magma can be produced d irec tly  by a small degree of partia l  
melting of hydrous spinel or garnet peridotite  
(Kushiro et al 1972; Mysen et al 1974; Mysen & Boettcher 1975). 
Nicholls & Ringwood (1973) have argued that hydrous melting of upper 
mantle perido tite  generates quartz th o le i i te  which, a fte r  subsequent 
o liv in e  fractionation , could produce andésites. The re la t iv e ly  low 
Ni contents of Eonyang-Yoocheon andésites (10 - 26ppm) indicates that 
these rocks were not formed d irec tly  by the melting of peridotite .  
Regarding REE, re la t iv e ly  f l a t  patterns for HREE in the analysed 
andésites exclude the melting of garnet peridotite . The partia l 
melting o f spinel peridotite  can produce a liqu id  with unfractionated 
HREE, but only with re la t iv e ly  small LREE enrichment. Thus, sub­
sequent fractional c rys ta ll isa tion  w ill  not explain the strong LREE
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enrichment of andésites. The derivation of andésite by this pro­
cess would require a parental basaltic magam already strong enriched 
in LREE and with a f l a t  HREE pattern ( i . e .  with a REE pattern similar 
to that o f andésites).
Any model fo r  the genesis of these continental margin andésites should 
explain the fa c t  that in the rocks of a given SiO^ content there is a 
re la t iv e ly  uniform major and transition element composition, while the ir  
content of incompatible element (e .g . K^ O) show spatial variations. 
KgO/SiO^ ra tios  in the andésites increase from SE to NW of the Gyeongsang 
sedimentary basin (Kim & Min 1981), possibly indicating the ir  close re­
la tion  to the Benioff zone. The large enrichment of LREE (ECe = 83.9ppm) 
requires the upper mantle source to be enriched in LILE, perhaps by the 
process suggested by Best (1975), who has argued that ascending hydrous 
f lu id s ,  released from the subducted oceanic lithosphere along the Benioff 
zone, extracting K and other incompatible elements by scavenging and zone 
melting from the overlying wedge of the upper mantle. Such f lu id  phases, 
which would probably not a f fe c t  the major and transition element composi­
tion of andésites, may be expected to be strongly enriched^ LREE (Frey & 
Green 1974), and thus the ir  presence could explain the LREE enrichment 
in the Eonyang-Yoocheon andésites.
Accepting that there is a geological l in k  between volcanic and intrusive  
processes, and noting the overall geochemical s im ila r it ie s  and trends 
between them (Fig. 5.14, 18, 19 & 20), a petrogenetic model for the 
andesitic rock is also applicable to the orig in  of the granitic  magma.
The higher Rb/Sr ra tios  and greater Eu anomalies in the Eonyang and Yoo­
cheon granites are consistent with an origin by plagioclase-dominant 
fractiona l c rys ta ll is a t io n  of mantle-derived magma (^^Sr/^^Sr in i t ia l  
ra tio  of the granites is  0.707; Jin & Choo 1980). The characteristics  
of these granites are consistent with the occurrence of extensive 
fractional c rys ta ll is a t io n  during slow rise of magma (basic to in te r ­
mediate) through thick continental crust.
Geological evidence to define the relationship between intrusive and ex­
trusive Eonyang-Yoocheon igneous rocks is d i f f i c u l t .  While i t  would be 
unreasonable to think plutonic separately from volcanic rocks, i t  may be 
that in a given area they are separated in time. I t  is  possible that,  
during magmatic a c t iv i ty  at a persistently  active destructive plate margin 
such as the Gyeongsang sedimentary basin, large scale plutonic a c t iv ity
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predominates in the early stages and is followed by volcanic and plutonic 
a c t iv i ty ,  so that the two processes only take place concurrently during 
the la te r  stages of the evolution of the plate margin. A possible ex­
planation for the separation in time may l i e  in the water content of the 
magmas. I t  is well-known that a major control on the depth of c rys ta l­
l isa t io n  is the water content of a magma (Harris et al 1970), such that 
only re la t iv e ly  "dry" magmas are able to reach shallow crustal levels and 
be erupted as volcanic rocks. Pitcher (1978) has suggested that the 
plutons of the Peruvian batholith rose to within 3-8km of the surface and 
froze to a stop when they absorbed water from the zone of meteoric c i r ­
culation. A lternative ly , the batholithic magmas may simply be those 
ca lc -a lka line  magmas with higher primary water contents than the erupted 
andésites. The behaviour of the magmas once formed, whether they u l t i ­
mately form extrusive or intrusive rocks, is largely controlled by the ir  
d if fe re n t  water contents. Sakuyama (1979) has suggested that the water 
contents of andesitic magmas increase away from the trench. He sug­
gests that water behaves as an incompatible element and that the parental 
magmas for the andésites are highly water-undersaturated. The parental 
magmas must have been water-undersaturated and this would fa c i l i t a te  th e ir  
movement to high levels within the crust and th e ir  subsequent eruption.
The parental andésite magmas for the Eonyang and Yoocheon granites were 
i n i t i a l l y  highly water-undersaturated, thus enabling the magmas to pene­
tra te  close to the surface, but the high degree of fractional crysta l­
l is a t io n  inferred for th e ir  origin was responsible for increasing the 
water content of the magma. This is consistent with the argument of 
Cann (1970) that the higher an acid magma rises in the crust, the deeper 
is i ts  l ik e ly  orig in . These processes for uprise and c rys ta ll isa tion  
might explain a temporal separation of plutonic and volcanic a c t iv i ty ,  
while s t i l l  accounting for the broad chemical s im ila r ity  of plutonic and 
volcanic rocks. The chemistry of the major elements indicates that the 
variation within each pluton is  small, which is due to high-level d i f ­
fe ren tia tion  (subvolcanic). Thus, they a l l  follow a common calc-alkaline  
trend and plot with sim ilar trends on Harker diagrams. The trace e le ­
ment geochemistry also supports this model; thus, Rb and Rb/Sr increase 
with fractionation (F ig .5 .14), while Sr, K/Rb and Ca/Y increase.
The general high-level evolution of the Eonyang and Yoocheon granites 
can be modelled in terms of plagioclase and hornblende fractionation.
The Rb and K/Rb variation, with D ifferentia tion Index (see F ig .5.15) in
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the granites, is compatible with plagioclase as an important fractiona­
tion phase. Also, plagioclase and hornblende dominated fractionation  
accounts for the ca lc -a lkaline  characteristics (F ig .5.18, 19 & 20). The 
model, whereby the granites crys ta ll ise  under a cover of th e ir  own vol­
canic e jecta , is. suggested, given that there is l i t t l e  doubt about the ir  
temporal and compositional association. The widespread Cretaceous plu­
tonism in South Korea is probably linked to the subduction of the Kula- 
Pacific plate during the la te  Mesozoic (Uyeda & Miyashir© 1974). The 
substantial crustal thickening, which has taken place, has resulted from 
compressive tectonics.
From the observations and arguments presented fo r  the Eonyang and Yoocheon 
granites, the following conclusions are drawn:
1. The granites are ca lc-a lkaline  subsolvus and subvolcanic monzo- 
granites, consisting of quartz, two-feldspar, b io t ite  and a small 
amount of hornblende;
2. The granites are generally homogeneous in major and trace element
with l i t t l e  chemical variation. The variations of major and trace
elements can be explained by high-level crustal d iffe ren tia tio n  in ­
volving plagioclase and hornblende. In comparison with the Yoocheon 
granite , the Eonyang granite is more evolved and characterised by 
lower compatible elements and higher incompatible elements;
3. The REE patterns in the two granites show a similar trend - l ig h t
REE enrichment with (Ce/Yb)N ra tio  of 8.31 - 6.49. The granites
also i l lu s t r a te  small Eu negative anomalies (Eu/Eu* = 0.75 - 0 .13 ),  
which indicate the influence of feldspar fractionation;
4.. The in i t i a l  ^^Sr/^^Sr ra tio  for the Yoocheon granite is 0.707 - 0.0009 
(Jin & Choo 1980). The Eonyang and Yoocheon granites show strong 
characteristics of "I-type" granite (Chappell & White 1974) by 
mineral and chemistry and of "magnetite"-series (Ishihara 1977;
5. The ca lc -a lka line  andésites in the studied area are highly fractiona­
ted with high tota l REE concentration (90.86 - 6.51ppm) and (Ce/Yb)N 
of 6.07 -  2.93. Rb/Sr ratios (0.03 - 0 .12), and small positive Eu 
anomalies (Eu/Eu* = 1 .25 ), i l lu s t r a te  that the andésites have under­
gone hornblende fractionation . The plot of Rb/Sr versus Rb content 
i l lu s tra te s  a good positive correlation between the granites and
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andésites (F ig .5 .14), which shows they share a common parental magma 
(p a rt ia l melting of mantle wedge);
6. The granites were enplaced a t a high crustal level with a d irect link  
between the plutons and caldera-centred andesitic volcanicity , which 
is s im ilar to the Andean cord ille ra  (Thorpe & Francis 1979).
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C H A P T E R  6
SUMMARY AND TECTONIC SETTING OF THE MESOZOIC GRANITIC ROCKS IN S.KOREA
6.1 Summary of conclusions
Granitic magmatism in the Korean peninsula shows a general la te ra l mi­
gration of the Magma source from north to south, as indicated by the 
decreasing age of granite intrusions in that d irection , from Triassic in 
the north, Jurassic in the middle, to mainly Cretaceous in the south (see 
Fig. 1.6 & Table 1 .1 ) .
The previous four chapters have shown the nature and orig in of selected 
Jurassic and Cretaceous gran itic  rocks along the Korean peninsula. The 
conclusions reached in each chapter can be summarised (Table 6.1) 
b r ie f ly  as follows:
(a) The Seoul and Anyang granites ("S-type") are a lkaline subsolvus 
monzogranites (^^Sr/^^Sf = 0.712; JS), which crystallised under rather 
unstable conditions as la te -tecton ic  granites. The Seoul and Anyang 
granites are thought to have been derived from 30% and 10% partia l melt­
ing of amphibolite facies gneisses, respectively.
(b) The Nonsan and Daejeon gran itic  rocks ("S-type") are calc-alkaline  
subsolvus granodiorite (^^Sr/^^Sr = 0.710; JN) and monzogranite , re­
spectively. These gran itic  rocks show fo lia ted  syntectonic features 
and are considered to have been derived from 60-70% partia l melting (ana- 
tex is ) of the Precambrian basement which is assumed to be sim ilar to the 
Lewisian gneisses. Further, the heat source to melt the Precambrian 
gneiss was probably a consequence of the closing of the Ogcheon basin at 
a time of microcontinental co ll is ion  (the Daebo orogeny).
(c) The Palgongsan granite is a typical calGalkaline subsolvus monzo­
grani te ,  and shows strong characteristics of " I-type" granite by minera­
logy and chemical composition. The composition of this granite is con­
s is ten t with an orig in  by fractional c rys ta ll isa tion  of mantle-derived 
magma to form a mineralogically and chemically zoned pattern. The two- 
feldspar geothermometer shows that the temperature difference between the 
margin and the core part of the pluton is about 200 C at various assumed 
pressures.
304
^^^^^Time
S p a c e ^ ^
Jurassic (153-167 Ma) Cretaceous (74-110 Ma)
Seoul & Anyang subsolvus Palgongsan, Eonyang &
alkaline monzogranites Yoocheon subsolvus calc-
o
"S-type*
alkaline monzogranites 
"I-type"z
o Equigranular- hypidio-h-
3 morphic Porphyritic
o
30% (JS) -  10% (JA) Fractional crysta ll isation
Partia l melting of Pre­
cambrian gneiss
of mantle-derived magma 
High crustal granites
1—  
_ J
Nonsan & Daejeon subsolvus 
calc-a lkaline  grano- 
diorites  and two-mica 
monzogranites No Cretaceous mobile belt
LU
CO "S-type" granites are observed
LU_J
CO Foliated porphyroblastic
o equigranular
60-70% partia l melting 
of Precambrian gneiss
TABLE 6.1 The general type and distinction of the Mesozoic 
granites of S. Korea in terms of time and space.
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(d) The Eonyang and Yoocheon granites are calc-alkaline  subsolvus and 
subvolcanic monzogranites (" I - ty p e " ) .  These granites (^^S r/^S r = 0.707; 
CY) were emplaced at a high crustal level with a d irect link  between the 
plutons and possibly caldera-centred andesitic volcanicity. The granites 
and andésites are thought to have been derived from partia l melting of 
mantle wedge at a compressional plate boundary (subduction of the Kula- 
Pacific  ridge) and seem to share a common parental magma.
The d istinction between "S-type" and "I-type" granites (Chappell & White 
1974) is equivalent to the recognition of the "ilmenite-series" and 
"magnetite-series" of gran itic  rocks (Ishihara 1977), which is fundamental 
and can be applied generally. "S-type" granites have low sodium contents 
and high ^^Sr/^^Sr ra tios , because they have been derived from a crustal 
source region which has already been through a sedimentary cycle, losing 
sodium to sea-water. Relatively high ^^Sr/^^Sr ratios are characteri­
s tic  of continental crust. Because "S-type" granites occur in restricted  
compositional ranges, lim ited to the SiO^-rich end of the spectrum of ig ­
neous rock chemistry, i t  is suggested that the parent magmas may be pro­
duced by partia l fusion of continental m ateria l, e.g. during continent- 
continent collis ions or continent-magmatic arc collis ions.
Some of the characteristics of the "I-type" granites are as follows: 
they tend to be part of a broad compositional spectrum from mafic to f e l -  
sic rocks; they have re la t iv e ly  high sodium contents (>3.2% NagO with 
5% K2O), low i n i t i a l  ^^Sr/^Sr ratios and crysta llised under conditions 
of re la t iv e ly  high oxygen fugacity, resulting in the formation of magne­
t i t e .  " I-type" granites and the associated calc-alkaline volcanic rocks 
are considered (e .g . Peruvian coastal batholith) to be derived from 
mantle m ateria l, probably in a two-stage process by subduction of oceanic 
lithosphere, and can thus be diagnostic of the presence of former oceanic 
plate subduction zones in tectonic reconstructions.
This chapter sets out to summarise the contrasting characteristics of 
these Mesozoic gran itic  rocks and to define the general environment in 
which they were emplaced. Further, an attempt is made to produce a pos­
sible tectonic evolution model for the generation of the granitic  rocks 
of S. Korea within a continental marginal setting.
A summary of the contrasting geological setting, petrological and geo­
chemical characteristics of the granitic  rocks is presented in Tables 6.1
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and 6 .2 . Also, a general summary of pétrographie characteristics of the 
granitic  rocks is shown in Appendix I I I .
6.1.1 Contrast between Jurassic cratonic granites and Jurassic 
mobile be lt granitic  rocks
The "S-type" Jurassic gran itic  rocks (^^Sr/^^Sr = 0.710-0.712) can be 
further divided into cratonic (Gyeonggi massif) and mobile belt (Ogcheon 
Fold Belt) granites (F ig s .1 .8 , 2.1 & 3 .1 ) ;  the former show sharp contact 
relations with Precambrian gneisses and are la te -tecto n ic , a lka line,  
whereas the la t te r  are s truc tu ra lly  rather concordant with Precambrian 
gneiss (and schist) and are syntectonic, calc-alkaline granitic  rocks.
The characteristics of these granites are given in Table 6 .2 . Generally, 
petrology is s im ila r , but the normative corundum is higher in the mobile 
belt granites (0.70-1.33%) than in the cratonic granites (0.57-0.72%), 
which is possibly due to percolating groundwaters (Taylor 1968) being 
more active and easily available in the mobile be lt  where there was a géo­
synclinal environment with marine sediments. The e ffec t of leaching 
would be to dissolve the a lka lis  from the feldspars, leaving an excess 
of alumina.
Higher normative An and K/Rb, and lower Rb/Sr and D ifferentia tion Index 
in the mobile be lt  granites can be explained by the cratonic granites 
being more evolved during intrusion through thick crust. The mobile belt 
gran itic  rocks show the characteristics of absence of Eu anomaly (Eu/Eu* = 
0 .9 3 ), depleted HREE (Ce/Yb)N = 63.3 and high total REE content (251 ppm), 
whereas the cratonic granites have Eu negative anomalies (Eu/Eu* = 0.004- 
0.51) and to ta l REE content of 104-124ppm. The d iffe re n t features of 
the petrochemistry between the mobile be lt granites and cratonic granites 
.is considered to be mainly due to the d if fe ren t proportion of partia l 
melting according to trace elements modelling (see Sections 2.8 & 3 .8 );  
the mobile b e lt  granites are thought to have been derived from 60-70% 
partia l melting of geochemically evolved parental rocks (e.g. Precambrian 
gneiss) and the cratonic granites from 10-30%.
The low temperatures for cessation of exsolution in perthites for the 
Jurassic granites (mobile be lt  and cratonic; 300^-480^0) might have been 
caused by metasomatism with high water content, possibly during the Daebo 
orogeny through breakdown of hydrous minerals and/or by circulation of 
meteoric waters.
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K E Y Jurassic mobile b e l t  
(JN & JD)
Jurassic Cratonic  
(JS & JA)
Cretaceous Cratonic  
(CP, CE & CY)
1. C la s s i f ic a t io n "S-type" subsolvus ca lc -  
a lk a l in e  g ranod ior i te  
(JN) and monzogranite  
(JD)
"S-type" subsolvus 
a lk a l in e  monzogranite
" I - ty p e "  subsolvus ca lc -  
a lk a l in e  monzogranite
2. Age 153 -  167 Ma 160 -  10 Ma 7 4 - 1 1 0  Ma
3, Country rocks 
(contacts)
PE gneiss & marine sedi­
mentary rocks ( r a th e r  
concordant)
PE gneiss (sharp) Andésites & non-marine 
sedimentary rocks 
(sharp)
4. Occurrence B ath o l i th  (NE-SW 
d i re c t io n )
B ath o l i th  (NE-SW 
D irect ion )
Oval and i r re g u la r  
stocks
5. Texture JN (porphyroblastic )  & 
JO (equigranu lar )  with  
strong f o l i a t io n  
(N20O-30OE)
Equigranular (and 
hypidiomorphic)
P orphyri t ic
6. Minera logica l
d is t in c t io n
Myrmekite, m icroc l ine ,  
p e r t h i t e ,  muscovite, 
sphene & undulose 
stra ined  quartz
Myrmekite, m icroc l ine ,  
p e r th i te  & undulose 
stra ined quartz
M ic ro per th ite ,  horn­
blende, tourmaline & 
i n t e r s t i t i a l  micro­
graphie quartz
7. D i f f e r e n t i a t io n
Index
75 (JN) & 82 (JD) 92 (JS) & 95 (JA) 84 (CP).  89 (CE) 
& 91 (CY)
8. K20/N320 (K/Rb) 0 .8 8 -1 .0 7  (224-229) 0 .9 6 -1 .1 5  (50-183) 1 .0 5 -1 .12  (243-268) .
9. Normative corundum 
(Normative An)
0 .7 0 -1 .3 3  (12-14 ) 0 .5 7 -0 .7 2  (2 -4 ) 0 .3 9 -0 .4 2  (4 -8 )
10. Estimated water-  
vapour pressure o f  
estimated c r y s t a l -  
1 is a t io n
5 Kbar (JN) & 2-3 Kbar 
(JD)
less than 3 Kbar 2-4 Kbar (CP), 2Kbar 
(CE) & 4 Kbar (CY)
11. Rb/Sr r a t io 0 .2  (JN) & 0 .3  (JD) 1.4  (JS) & 2 4 (JA) 0 .7  (CP), 1.4 (CE) & 
0 .9  (CY)
12. Total REE content 251ppm (JN & JD) 124ppm (JS) & 104ppm 
(JA)
143-156ppm
13. Eu/Eu* & (Ce/Yb)N 0.93  & 63 .3 0.51 (JS) -  0.004 (JA) 
& 13.5  (JS) -  0 .4  (JA)
0 .5 5 -0 .7 8  & 6 .3 -1 3 .4
14. P e r th i t e  exsolution  
T (OC)
380O-480OC 300O-400°C 500O-700°C
15. Mole % o f  An in  
plagioclase
30 .5 8 .8  (JS) & 1 .9  (JA) 10-18
16. Ion ic  Fe/(Fe+Hg) 
in  b i o t i t e
0 .67  (JN) & 0.77 (JD) 0.60 0 .3 9 -0 .49
17. (8 7 s r /8 6 s r )  
I n i t i a l  r a t i o *
0 .710 (JN) 0.712 (JS) 0.707 (CY)
18. Ore m in e ra l is a t io n  
associated w ith  
g ran i te  in tru s io n
No ore m in era l isa t io n No ore m in era l isa t io n Pb-Zn-Au-Mo-W
(Andean-type)
. 19. Tectonism & pro­
bable crus ta l  
thickness
Syntectonic (Hercyno- 
type) & th in  crust
L a te - tec to n ic  & th ick  
crust
Post-tectonic  (Andino- 
type) & th ick  crust
20. Petrogenesis pro­
posed
60-70% p a r t ia l  m e lt­
ing o f  PE basement 
( e .g .  Lewisian type 
gneiss)
30% (JS) -  10% (JA) 
p a r t ia l  melt ing o f  P£ 
gneiss
Fractional c r y s t a l l i ­
sation of mantle- 
derived magma
TABLE 6.2 Spatial and temporal comparison of the Mesozoic granites 
in S. Korea.
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Thus, despite the d if fe re n t geological setting, a l l  the Jurassic granites 
are generally quite s im ilar petrologically and geochemically (Table 6 .2 ) .  
This is possibly due to sim ilar characteristics of the source regions 
(e .g . Precambrian gneiss). The mode of intrusion and tectonic setting  
for the Jurassic granites w il l  be discussed la te r  (tectonic modelling).
6 .1 .2  Contrast between Jurassic granites and Cretaceous granites
The Jurassic granites occur generally as batholiths with NE-SW elongation 
and a maximum width of 50km. They ubiquitously display fo l ia t io n ,  or are 
cut by tectonic lines which strike  NE. The Jurassic granites in the 
Ogcheon mobile be lt (syntectonic granites are predominant) are structura­
l l y  rather concordant with the country rocks, whereas in the Gyeonggi 
massif ( la te -tec to n ic  granites are common) show somewhat sharp contact re­
lations. No contact metamorphic aureoles are observed in the country 
rocks which are adjacent to the Jurassic granites. Volcanic rocks and 
pegmatite have not been recognised often in the surrounding areas around 
the Jurassic gran itic  rocks. This is possibly the result of u p l i f t  and 
erosion in la te  and/or a f te r  Jurassic times which resulted in removal of 
the upper part of the batholiths, together with th e ir  volcanic products.
By contrast, the Cretaceous granites are surrounded by narrow contact 
metamorphic zones of hornfels up to 2km wide. The contacts between the 
plutons and the sedimentary rocks are sharp, tectonically  disturbed and 
steeply dipping outward ra d ia lly .  The Cretaceous granites intruded at 
a shallow crustal level into the sedimentary and volcanic rocks along the 
weak zones in NNE-NE d irection , and smaller scattered plutons in irregu­
la r  shapes intrude the volcanic rocks (e.g. Eonyang & Yoocheon granites), 
apparently along the ring faults  derived from the cauldron subsidence or 
bodily u p l i f t  of wall rock segments.
The Jurassic gran it ic  rocks are mostly coarse to medium grained and do 
not vary in grain size in most bodies (equigranular to porphyroblastic 
textu res). The Cretaceous granites are almost porphyritic in texture, 
or occasionally uneven in grain s ize, ranging from fine to medium, inward 
from the margin.
There is a sharp contrast between the Jurassic and Cretaceous granitic  
rocks in mineral component and texture. Quartz crystals are moderately 
fractured and show undulatory extinctions in the Jurassic granitic  rocks, 
but not in the Cretaceous granites. Myrmekites are abundant in the
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Jurassic gran itic  rocks. Quartz in the Cretaceous granite is quite 
active , f i l l s  the boundaries between the feldspars and shows micro­
graphie texture. The myrmekite and undulose extinction of quartz cry­
stals in the Jurassic granitic  rocks suggest recrysta llisa tion  (Hubbard 
1966) a f te r  consolidation of the magma.. Microclines are abundant in the 
Jurassic granites, whilst microperthites occur in the Cretaceous granites, 
which indicates that the former crysta llised slowly at low temperature 
(deep seated and slowly cooled), whilst the la t te r  s o lid if ied  more rapidly  
at higher temperatures (Tuttle  & Bowen 1958). The Cretaceous granites 
are characterised by the presence of orthoclase instead of microcline, 
and by the development of c rys ta ll isa tion  product of la te r  stage (pegma­
t i t e  stage). Muscovite is commonly present in the Jurassic granitic  
rocks, especially  in the Daejeon two-mica granite. Sphene, zircon and 
ilmenite are more common in the Jurassic granites. In contrast, magne­
t i t e ,  hornblende and tourmaline are abundant in the Cretaceous granites.
Minerals of the pegmatitic stage were crysta llised probably from an 
aqueous residual phase, which was retained well in the case of the shal­
low seated Cretaceous granites (e.g. the Eonyang & Yoocheon granites).
The rapid cooling of magma provoked the formation of a kind of so lid if ied  
shell in the outer part of the intruded mass. The shell is impermeable 
and hence the retention of the aqueous vapour phase. However, the place 
where the Jurassic granites were formed (the Ogcheon Fold B e lt) ,  was re­
la t iv e ly  hot at the time of magma intrusion. The slow cooling of the 
magma did not form the impermeable shell. Therefore, the aqueous vapour 
phase could escape and disperse in the surrounding rocks.
The Jurassic gran itic  rocks contrast in modal composition with the Cre­
taceous granites, and i t  is probable that the former plutons (especially  
the mobile be lt granites), which are abundant in mafic minerals and 
plagioclase, were intruded a t  greater depths. The Cretaceous granites 
show abundance of fe ls ic  minerals which is consistent with the interpre­
tation that these granites l e f t  the mafic minerals in a residue during 
fractionation and uprise. Overall, pétrographie study of the Jurassic 
granitic  rocks indicates that these granitic  rocks crystallised under un­
stable magmatic (and post-magmatic) conditions which are shown in o sc il­
la tory zoning o f plagioclase, myrmekite and undulose extinction of 
quartz. The Cretaceous granites crysta llised , in general, from the mar­
ginal to central parts of the plutons with rather stable magmatic con- 
di tions.
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Normative corundum is higher in the Jurassic cratonic granites (0.57-
0.72%) than in Cretaceous cratonic granites (0.39-0.42%), which is pro­
bably due to active meteoric water percolation in the former re la tive  to 
the la t te r  (see Table 6 .2 ) .  Mole percentage of anorthite (An) in plagio­
clase is higher in the Cretaceous cratonic granites (10-18%) than in the 
Jurassic cratonic granites (2-9%), which is consistent with a derivation  
from more basic (mafic) source region than the la t te r .  Both the Juras­
sic and Cretaceous cratonic granites are thought to have undergone d i f ­
fe ren tia tio n  during intrusion through the thick crust. These two d i f ­
fe ren t ages of cratonic granites have undergone d if fe re n t degrees of 
feldspar fractionation (Eu/Eu* = 0 .004-0.78). Plagioclase has high pheno- 
cryst-matrix p a rt it io n  coefficients fo r Sr, Eu+2, and high K/Rb ratio  
(Arth 1976). In contrast, the Jurassic mobile be lt granitic  rocks show 
the absence of Eu anomalies (Eu/Eu* = 0.93) and high total REE (251 ppm), 
which imply that no feldspar fractionation was involved. Strongly 
fractionated REE patterns and the absence of Eu anomalies in the granitic  
rocks agree with the average for Precambrian basement rocks (Shaw et al 
1976); heavy REE depletion is thought to have occurred by hornblende 
fractionation  during d if fe re n t ia t io n .
In general, the LIL/HFS ratios are higher in the "S-type" Jurassic 
granites than in the "I-type" Cretaceous granites. The plot of Rb/Sr 
against Rb content in the Mesozoic granites shows a positive trend. The 
Rb contents are generally higher in the Jurassic granites than in the Creta­
ceous granites and the ra tio  of Rb/Sr is widely scattered pattern in the 
Jurassic gran ite , whilst clustered trend in the Cretaceous granite, 
which is due to High CaO, Sr and abundant plagioclase in the Jurassic 
granite . The Rb/Sr ra tio  is lower than 0.4 in the mobile belt granitic  
rocks (JN and JD), compared with the cratonic granites (JS, JA, CP, CE 
and CY).
There is a s tr ik ing  contrast in ^^Sr/^^Sr in i t i a l  ratios between the 
Jurassic and Cretaceous granites. The ^^Sr/^^Sr in i t i a l  values for the 
Jurassic gran itic  rocks range from 0.7104 to 0.7168, which suggests that 
the magmas were contaminated by older upper crustal rocks, or derived, at 
least p a r t ly ,  by anatexis. The values for the Cretaceous granites range 
from 0.704 to 0.707, which denotes that the ir  magmas were essentially  
derived from the mantle, or contaminated in small amounts only by crustal 
m aterials.
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From the two-feldspar geothermometry studies of the Jurassic granitic  
rocks, i t  can be concluded that the temperatures of exsolution in per- 
th i t ic  a lka li-fe ldspars  show a small variation in each granite, which 
means that a l l  samples have the same or sim ilar c rysta ll isation  history 
within individual plutons. The temperatures of 300-475°C at various 
pressures are not normal for the p e rth it ic  a lka li- fe ld sp ar in igneous 
rocks. A lkali-fe ldspars in the Jurassic granitic  rocks range from Or 87- 
97. Albite is therefore partitioned strongly into plagioclase in pairs 
or feldspars from individual rocks, and temperature estimates based on 
the models and equations of Stormer (1975) and Powell & Powell (1977) 
are inevitably  low. Since the Jurassic gran itic  rocks in S. Korea show 
abundant evidence of recrysta llisa tion  (e.g. myrmekite and undulose quartz, 
e tc .)  which continued to a la te  stage in the ir  emplacement history, i t  is 
not surprising that the feldspars indicate temperatures well below those 
which could be considered to re f le c t  igneous conditions. The importance 
of this study in re la tion to the petrogenesis of granite is that i t  re­
lates the type of equilibrium/metastable transformation to the water 
fugacities (when exsolution is nearly completed).
Ragland (1970) suggests a high water content has catalysed the trans­
formation. The temperatures for cessation of exsolution perthites for  
the Jurassic gran itic  rocks might have been affected by metasomatism with 
high water content which was easily available from breakdown of micas 
during syn/late  tectonic environment (hydrous magma).
Analytical results of p e rth it ic  a lka li-fe ldspars  from the Cretaceous 
granites show that the temperature of cessation of exsolution in perth i­
t ic  a lka li- fe ld sp ars  was about 500-700^0 at assumed reasonable pressures. 
The graphic representation of this geothermometer shows that the perthites  
plot in a large range of temperature over the Cretaceous granites as a 
whole, which is consistent with the interpretation that the granites were 
so lid ifed  from margins to inwards with rather stable magmatic conditions 
(post-tectonic anhyrous magma).
In S. Korea, a normal Andean-type metal zonation (S i l l i to e  1977), from 
copper-tungsten northwards to lead-zinc, was generated during the Creta­
ceous magmatism with a possible fluorite-tungsten-molybdenum zone even 
further north during the Jurassic. This pattern was attributed to a 
shallow, northward dipping subduction zone, a possible trench assemblage
312
being on the outer Pacific side of Japan (Sugimura & Uyeda 1973). The 
reasons fo r  the more pervasive hydrothermal a c t iv ity  and mineralisation  
in the Cretaceous granites re la t ive  to the Jurassic counterpart are not 
c lear, but i t  is certa in ly  true that the environments of the granitic  
emplacements were d if fe re n t. Of course, the Mesozoic granites are petro- 
genetically  d if fe re n t:
1. The Jurassic granitic  rocks are "S-type" and p a r t ia l ly  melted 
from lower crust;
2. The Cretaceous granites are "I-type" and fractionated from 
possibly mantle-derived magmas.
But, the most important factor controlling mineralisation is the environ­
ment where the plutons were emplaced. Thus, the plutons in the Jurassic 
granites ( in  the north of S. Korea) were emplaced and cooled in a thick 
sequence of regionally metamorphosed sediments, whilst the country rocks 
in the Cretaceous granite ( in  the south) are intermediate volcanic rocks 
and sediments. Ore m ineralisation, which is exclusively associated with 
the Cretaceous granites, is possibly due to the in ter-reaction between 
v o la tile -w ater  phase and volcanic rocks (mainly andésites) during hydro- 
thermal stage.
Thus, the Jurassic and Cretaceous granites show many differences in petro­
logy and geochemistry (Table 6 .2 ) .  These differences can possibly be 
explained by d if fe re n t o rig in , depth of emplacement, mode of intrusion 
and tectonic setting in the Jurassic and Cretaceous granite.
6.2 Tectonic setting of the Mesozoic granitic  rocks
6.2.1 Introduction
the general tectonic setting of South Korea was b r ie f ly  discussed in 
Chapter 1, and some ideas from the l i te ra tu re  were given. This section 
is for  the reconstruction of possible broad, tectonic models for the 
various Mesozoic gran it ic  rocks. The contrasting characteristics of 
these Mesozoic g ran it ic  rocks and the general environment in which they 
were emplaced, was reviewed in the previous section (see Tables 6.1 & 6.2)
As mode of in trusion, orogenic location and magma provenance are a ll  
interconnected to some degree
(e.g. Pitcher 1979 - F ig .6.1 & Table 6 .3 ) .  This difference between
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J u r a s s i c Creta ceou s
AndinotypeHercynotype
Continent—lip  
marginal basin
Intracontinental 
"back—arc' basin The Pacific ocean
S I
a # # m m
Sedimentation in fault-margined 
furrowsSedim entation on flanks of suture
Andésites
Burial metamorphism
Regional low -pressure metamorphism
Tonalités "I" type
Migmatites, granites o f S' type
Disharmonious (Daly) cauldron 
batholiths feeding volcanoesHarmonious (Suess) diapir batholiths
Vertical movement w ith  minimal 
shorteningTectonic shortening
FIGURE 6.1 Schematic representations to i l lu s t ra te  the d iffer ing  
environments of granitic  rocks (modified from Pitcher 
1979). The Hercynotype is comparable with the Jurassic 
granites in S. Korea and the Andinotype is comparable 
with the Cretaceous granites.
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Alpinorype Orogenies: Island-arc derived volcaniclastic sediments and lavas 
deposited in oceanic trenches; crustal shortening involv­
ing thrusting with nappes predominant; high pressure 
regional metamorphism with wide progressive zonation; 
ultrabasic rocks abundant. Granitoid batlioliths charac­
teristically absent
Andinotype Orogenies: Island-arc volcaniclastic sediments and lavas deposited 
in troughs of eugeosynclinal type located within the 
continental lip and paired with belts of shelf-facies 
elastics; little crustal shortening but vertical movements 
dominant, with open, drape-folding lacking cleavage; 
regional burial metamorphism. Compositionally 
expanded, disharmonious, granitoid batholiths with 
important basic plutonic and andesitic volcanic asso­
ciations. [-type granites with crustal involvement only 
in the later stages of evolution: ®^Sr/®^Sr <  0.706; 
include restite material from subcrustal source
Hercynotype Orogenies: Non-volcanic, continentally-derived sediments in intra- 
cratonic basins of miogeosynclinal type; crustal shorte­
ning with upright folding and cleavage; low-pressure 
metamorphism with pro grade zonation; ultrabasic 
rocks rare. Compositionally contracted, harmonious, 
granitoid batholiths with only minor basic association 
and generally lacking contemporaneous volcanics. 
S-type or mixed S- and 1-type granites; ®’'Sr/®^Sr >  
0.706; inherited xenocrysts derived from recycled 
crustal rocks
TABLE 6.3 Contrasting characters of orogens 
(a f te r  Pitcher 1979).
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batholiths in Andinotype and Hercynotype granites extends not only to the 
volcanic association, the composition and genesis, but probably also to 
the mode of emplacement. The nature of the crust may determine whether 
the magmas f i l l  predominantly cauldron or predominantly d iap ir  batholiths 
(P itcher op c i t ) ,  whether i t  is the largely tensional regime of the edges 
of a r ig id  continental plate (such as the Gyeongsang sedimentary basin) 
overyling a subduction zone, as in the central Andes, or the compressive, 
ductile  regime of an intracontinental orogen (e.g . the Ogcheon Fold B e lt ) ,  
such as that of the Hercynian of SW of Europe,
The Jurassic gran itic  rocks are dominant at the Ogcheon Fold Belt (a 
Hercynotype fold b e l t ) ,  resulting perhaps by closing-collision situation. 
Shortening of the crust leads to tectonic thickening when, particu larly  
as a consequence of u p l i f t ,  magmas are generated within the regionally  
heated root. I t  is in this context that crustal-derived "S-type" granitic  
magmas are most l ik e ly  to occur, and be emplaced by d iap ir ic  intrusion 
into a ductile  crust. The Jurassic granites in the Ogcheon Fold Belt 
may re f le c t  a relaxation process a f te r  extreme thickening of continental 
crust following continental co llis ion  (with basement block movement). 
According to currently accepted plate tectonic theory, such collis ion can 
occur i f  an ocean or a marginal basin closes, and such closures can oc­
cur by the process of subduction of oceanic lithosphere. Thus, "S-type" 
granites would be expected to occur on at least one side of the suture 
zone (NW side of the Ogcheon Belt) representing the former ocean basin 
(marine sediments and fossil evidences).
In contrast, beneath a continental margin of Andinotype, which is possi­
bly comparable with the Cretaceous granites in S. Korea, subduction 
energetics provide su ff ic ie n t heat and water to trigger remelting at 
various subcrustal and lower crustal levels. By such means,material 
continuously accreting beneath the continental edge is episodically re­
mobilised (during periods of subduction) by hot basic magmas that melt 
th e ir  way up into the crust along deep-reaching crustal fractures (e.g. 
these of Sihian d irec tio n ). These "I-type" magmas are permissively 
accepted by the r ig id  crust at higher levels in the form of cauldrons, 
accreting to form gran itic  bodies.
6 .2 .2  The Jurassic granitic  rocks
The mode of the formation of the Ogcheon Fold Belt, where the Jurassic 
g ran it ic  rocks are dominantly d istributed, is v ita l  to the understanding
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of the tectonic evolution of the Korean peninsula. The most feasible  
explanation, which is generally compatible with generation of "S-type" 
Jurassic gran itic  rocks, is that the Ogcheon Fold Belt is an in tra -  
cratonic basin, whose granitic  generation and deformation (during Daebo 
orogeny) resulted from the movement of basement blocks (and co llis ion)  
along the Sinian direction (F ig .6 .2 ) .
The in i t i a l  phase of folding in the Ogcheon Fold Belt was transverse to 
the main trend of the be lt  (F ig .6 .3 ) .  At the NE end of the Belt, the 
transverse structures are dominated by upright closed folds, but SW down 
the Belt the folds become f i r s t  isoclinal and overturned towards NE, and 
then recumbent with sheared out fold hinges (Fletcher 1976). In gen­
e ra l ,  the pebbles within the Ogcheon t i l l i t e  react to this increased de­
formation by becoming more elongated paralle l to the transverse fold  
axis. In addition, the metamorphism also increases from sub-greenschist 
facies associated with the upright folds in NE to greenschist associated 
with the recumbent folds in SW. These variations can be d ire c tly  cor­
related to depth of burial and to movement upwards and outwards along the 
Belt. The upright folds have formed in the re la t iv e ly  thin shallow 
water shelf sequence, whereas the recumbent and isoclinal folds are found 
in the thick sequence deposited in the deeper part of the basin (F ig .6 .3 ) .  
The mechanism by which transverse folds form is not clear a t  present. 
However, the commonly accepted origin is that they have resulted from 
gravitational gliding along the Belt, and are not related to the compres­
sion perpendicular to the Belt margins. However, in the Ogcheon Fold 
Belt i t  is improbable that these structures were purely gravity controlled, 
especially as the form of the folds would suggest that they have migrated 
upwards along the Belt (Fletcher 1976). I t  is more probable that these 
structures formed as a d irect consequence of the destruction of the sedi­
mentary graben (basin), which culminated in the closing of the trough and 
the intrusion of an elongated Jurassic gran itic  batholith paralle l to the 
trough margins.
The tectonic evolution of the Ogcheon Fold Belt, as proposed, can be 
divided into three phases: (a) the sedimentary phase; (b) the u p l i f t
phase; and, (c) the closing phase (co ll is ion ) -  see F ig .6 .4 ) .
(a) Sedimentary phase
The rocks which now form the Ogcheon Fold Belt were deposited in an 
in tracratonic basin from Upper Proterozoic to Lower Jurassic times. This
UJ LU
en (/)
m o
317
O)
i_fO
(/)
O)c
fOo
V.QJ
>
<D
O
l/l
</)
1X3
=3
>1
&_
fO
03
C
ns
3
1/1
C
C
03
Q.
C
1X3
03
S-
o
03
4->
4 -
O
C
O
4-)
3
O
>
03
O C
O
C
o 4->
+-> U
o 03
03 S-
4->
■o
03
c
+-> ca
4 - c
O
oo
E
fX3 03
L sz
CD+->
<X3
4 -
-O O
U (/)
03
+J U
fO 3
E 4->
03 U
_c 1X3
u i -
00 4 -
CVJ
UJ
ce;
=3
C3
U.
3 1 8
0 10 20  30
J U R A S S I C  g r a n i t e s CR E TA CE O US  GRANITES
CR ETACEOUS SEDIM ENT S & VO LCANICS
UPPER PRO T ER O ZO IC  TO LOWER M E S O Z O IC  S E D IM E N T S
AR CHEAN GNEISSES
t r a c e  of a x i a l  SURFACE OF FOLD 
TRACE OF a x i a l  SURFACE OF Fg  FOLD 
L IN EA T IO N A  DAEJEON C I T Y
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Fletcher 1976).
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highly elongate trough probably represented a r i f t - v a l le y  within the 
craton and lay para lle l to the main Asiatic continental margin. Shallow 
water shelf sediments were deposited in the northern-eastern part of the 
trough, whereas to the south-west, deep water conditions prevailed 
(marine sediments). The opening of this trough and the gradual sub­
sidence (along the Sinian direction) of the central block would result  
from a maximum compressive stress acting v e r t ic a l ly ,  a minimum perpen­
d icular to the trough axis, and in intermediate paralle l to the axis 
(F ig .6 .4 ) .
(b) U p l i f t  phase
The Jurassic gran itic  magma was generated from the lower crust and caused 
a lin ear  u p l i f t  para lle l to the length of the trough (NE d irection).
The resultant deformation of the sediments within the trouch was control­
led by the constraints of the trough i t s e l f .  As the u p l i f t  was super­
imposed on the tectonic regime of the sedimentation, the least resistance 
to the u p l i f t  would be v e r t ic a l ,  the intermediate perpendicular to the 
trough axis, and the most along the trough (F ig .6 .4 ) .  These equate to 
the minimum, intermediate, and maximum compressive stresses, respectively, 
and would result in the formation of folds transverse to the trough axis 
in the shelf regions. However, in the deeper part of the trough the 
heat flow and the confining pressure of the overlying sediments would 
both be greater, and thus the orientation of the least compressive stress 
would be para lle l to the trough axis and the maximum subvertical. I t  is ,  
therefore, envisaged that in these deeper parts movement upwards and out­
wards occurred along the trough and resulted in subhorizontal shearing 
and p art ic le  elongation, whereas in the shelf regions upright folds were 
developed.
(ç) Closing phase (co ll is ion )
The f in a l  intrusion of the elongate batholith changed the stress regime 
from one of u p l i f t  to one of compression, which resulted in the fo l ia t io n  
(NE-SW direction) of the Jurassic granitic  rocks. Large quantities of 
gran it ic  batholith were formed from the lower crust under water-saturated 
conditions, which might have resulted from breakdown of micas during 
regional metamorphism (and from the marine-sedimentary basin). The Og­
cheon gran itic  batholith is both paralle l to the trough axis and the con­
tinental margin and i ts  batholithic proportions could adequately explain 
the crustal shortening encountered within the closing trough (F igs .6.4 & 
6 .5 ) .  The intrusion of the Jurassic batholith to the NW of the trough
320
P R I N C I P L E
COM PRE SSI VE
STRESSES
MAX
I N I '
MIN
S E D I M E N T A T I O N  PHASE
MIN
MAX'
I N I
U P L I F T  PH ASE
MIN
© C L OSI NG -  COLLI  S I ON PHASE
FIGURE 6.4 Tectonic evolution of the Ogcheon Fold Belt and generation 
of the Jurassic granitic  rocks.
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also resulted in overthrusting from the NW, which gave the longitudinal 
fold and the syntectonic metamorphism along the NW margin of the Ogcheon 
Fold Belt. The Seoul-Anyang granites, which are of s im ilar age (160 Ma), 
with the Nonsan-Daejeon granitic  rocks (153-167 Mâ), in the NW of the 
Ogcheon Fold Belt (a t  the Gyeonggi massif), intruded and show la te -  
tectonic features (F ig .6 :5 ). The principal direction of jo in ts  developed 
in the Seoul-Anyapg granite show a major set of jo in t  planes aligned 
N75°-80°E (see F ig .2 .3b), which is generally para lle l with the main f o l ia ­
tion of the Precambrian country rocks (N15°-50°E). The jo in t  directions  
in the Jurassic granites (mobile be lt and cratonic) are para lle l with the 
Sinian d irection , which implies that the Jurassic granites were generated 
under the same or s im ilar tectonic regime (Daebo orogeny). Thus, the 
Seoul-Anyang granites were probably derived from deep crustal level during 
high heat flow.
6 .2 .3  The Cretaceous granitic  rocks
In la te  Early Cretaceous times, SE Korea was involved in block-movements 
and concommitant volcanic eruptions, which is the early phase of exten- 
sional tectonics that dominated in Korea and the surrounding areas in 
Cretaceous and Cenozoic times (Chang 1975, 1978). The la te r  stage of 
the Gyeongsang sedimentary basin development was characterised by a cul­
mination of volcanism, and the termination of the basin development was 
coincident with the emplacement of granites in the Late Cretaceous, in ­
truded a t  a shallow crustal leve l. The early volcanisms produced 
largely  basaltic lava, and thé compositions of the succeeding lavas be­
came more and more acidic towards the top of the Gyeongsang sequence. 
Recent mapping has disclosed Late Cretaceous volcano-tectonic depressions. 
Usually, subsidence was fa c i l i ta te d  by pre-existing fa u lts ;  thus, some 
depressions are rectangular in outlfne, being inserted between two sets 
of fau lts  perpendicular to one another. Typical cauldron subsidence, 
with ring dikes along ring fa u lts , also occurs (F ig s .6.6 & 6 .7 ) .
Serial granite emplacements started in the la te  Early Cretaceous period 
and culminated in the middle Late Cretaceous a f te r  the maximal acidic ex­
trusion in the early Late Cretaceous. The Late Cretaceous volcanic 
rocks were probably the extrusive cap of the acidic magma that formed 
granite in rather shallow intrusions.
During the Cretaceous times, the Kula oceanic plate was subducted beneath 
the Asiatic continent at a rate which varied between 16cm/yr and 24cm/yr
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g y e o n g s a n g
SEDIMENTARY ROCKS  
( n o n - m a r i n e )
© ©
1. Strato-volcanism (mainly andésite)
2. Caldera lake and c ircu lar structure owing to collapse
3. Hydrothermal mineralisation
4. Present topographic surface
FIGURE 6.7 Schematic model for the generation of the Cretaceous granites 
in S. Korea.
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(Uyeda & Miyashiro 1974), and this was followed by the descent of the 
Kula-Pacific ridge (see Figs.6.8a & 6.8'b). I t  has been postulated that 
the subduction of this ridge would produce a hot plate with low dip, and 
therefore would account for the wide zone of magmatism and volcanism 
found within the Asiatic continent (Uyeda & Miyashiro 1974). A two-stage 
model fo r the generation of the Cretaceous granites in S. Korea is sug­
gested. The f i r s t  stage, or trigger mechanism, is the production of 
basaltic  and andesitic magmas from the subduction of the Kula-Pacific  
ridge. These magmas then migrated upwards, and la te r  heated the basic 
magmas to produce granitic  magmas. I t  is only in the Andinotype (see 
F ig .6.1 & Table 6.3) context that there is a clear space-time re la tion ­
ship between plutonism and volcanism. To rise at a l l ,  the magmas f i l ­
ling the cauldrons, especially the re la t iv e ly  dry magmas of destructive 
plate margins, need to be channelled and re la t iv e ly  rapidly intruded 
along major fractures, creating a narrow heat plume within a cool upper 
crust. Such hot magmas, derived a t least in part from the mantle, might 
have a s u ff ic ie n t ly  low viscosity, when isolated in th e ir  chambers, to 
permit d if fe re n t ia t io n  in situ and so provide volcanic derivatives.
6.3 Further study
Although the selected Mesozoic granitic  rocks investigated represent only 
a fraction of the Korean granites, i t  is the author's b e lie f  that the work 
recorded in this thesis w il l  contribute to the present knowledge and 
in terpretation of the granitic  rocks in S. Korea. However, a few re­
commendations and suggestions are made below, and i t  is hoped that these 
w ill  help other geologists working e ither in the present region or on 
s im ilar  rocks elsewhere.
1. Extensive and detailed mapping on a large scale which could pro­
bably reveal more o f the internal variations and contact re la t io n ­
ships in the d iffe ren t rock types would be worthwhile.
2. Accurate and systematic isotope studies (Rb/Sr, Sm/Nd, U/Pb, 0 
and S isotopes) might also throw more l ig h t  on petrogenetic and 
metallogenetic problems.
3. Geophysical surveys (e.g. seismic reflection and gravity) would 
y ie ld  useful information on the deep-level structural setting  
and depth of g ran itic  rocks for testing the suggested tectonic  
model.
3 2 6
FIGURE 6.8a
ASIAN
CRATON
plate movements in the 
Pacific  about 100 Ma, 
and transcurrent faults  
on the margins of East 
Asia (a f te r  Hilde et al 
1976; Sasajima 1981).
120 180 120
f a r a l l o n
PLATE
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p l a t e  '
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_________ S u b d u c t i o n  Zone
FIGURE 6.8b A possible plate configuration of the Pacific  
Ocean at 110 Ma (modified from Larsen & Pitman 
1972).
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4. Vigorous trace element modelling may be a worthwhile exercise 
in future studies.
5. F in a lly , more work on the nature of the Daebo orogeny is highly 
recommended to correlate with Japan and China.
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A P P E N D I X  I
SAMPLE PREPARATION AND ANALYTICAL METHODS
1.1 Sample preparation
Once the rock samples (10kg each) had been collected from the studied 
areas, any superfic ia lly  weathered material was removed by a hammer and 
the samples were washed with water and acetone to remove dust and marking 
ink, and then dried. The bulk of rock specimens were s p l i t  into about 
2cm sized fragments by a hydraulic s p l i t te r  to reduce them to a manage­
able s ize , then crushed in a laboratory jaw crusher un til the largest  
dimension was less than 0.5cm. These fragments were s p l i t  in a r i f f l e  
sampler and about 200g was taken fo r  crushing again in a BICO disc pul­
verizer, type U .A ., at successively closer settings down to 30 mesh grain 
size. The rest of the rock fragments were stored and labelled individually .  
Each 200g representative sample was placed in an agate Tema barrelled  
swing m ill for about 60 seconds until a l l  grains passed through a 200 
mesh B.S. nylon sieve. Any material not passing through the sieve a fte r  
gentle brushing, was hand-ground down using an agate mortar and pestle.
The fine representative powder sample was then funnelled into a 7cm high 
bottle  and placed in a dryinc oven for 24 hours at a temperature of 105°C 
with the l id  of bottle  opened.
A hand specimen 4cm x 7cm x 7cm of each rock sample was cut for pétro­
graphie study and mineral geochemistry. Preliminary sample preparation 
was carried out in the crushing laboratory of the Korea In s t i tu te  of Energy 
and Resources (KIER), and the samples fo r  chemical analysis were ground in 
the agate barrelled swing m i l l ,  further reducing powder size and maintain­
ing homogeneity in the Department of Geology, Bedford College, University 
of London.
1.2 X-ray fluorescence spectrometry
Major and trace element analyses were obtained using a Philips PW1400 
automatic X-ray spectrometer in the Department of Geology, Bedford College.
1.2 (a) Major element analysis
A fusion method was used for specimen preparation fo r  major element
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analysis, the flux being based on lithium terraborate (Johnson-Matthey 
spectroflux 104). Fusion techniques have the advantage of eliminating  
the mineralogical, chemical and partic le  size e ffect inherent in the use 
of pressed powder p e lle ts , and the low proportion of rock in the fusion 
reduces inter-element absorption effects. Two fusion beads per sample 
were made, because of the weighing errors involved. A single fusion 
disc was made up from the following procedures:
Both spectroflux and the rock powder to be analysed were dried at 105°C 
before weighing to drive o f f  in te r s t i t ia l  moisture. The dried spectro­
flux  and rock powder were removed from the dry oven and placed in a 
desiccator to cool down to room temperature before use. The exact weights 
of the materials used were weighed out as l is ted  below:
rock powder 0.4000g
spectroflux 2.6000g
The above mixture was fused in a clean 25cc platinum crucible composed of
.pia-fcinaTn ^
95%Aand 5% gold alloy in a furnace at 900-1,000 C for 20 minutes (melting 
point of the spectroflux is about 810°C).
The crucible was then removed from the furnace and the mixture carefu lly  
swirled while the crucible was held over a large Weaker burner to collect 
any splashes, to eliminate gas bubbles at the bottom of the melt and to 
ensure homogeneity. At this point, the molten mixture was quickly 
poured onto a 30mm diameter aluminium hot disc and a plunger which was 
heated to a constant temperature of 240°C was lowered on top, thus pres­
sing out a glass disc. To ensure complete annealing the disc was 
wrapped in a clean paper towel and l e f t  to cool on an asbestos plate to 
room temperature. Then the disc was trimmed o ff  around the rim and 
labelled on the reverse (curved) side. The glass p e lle t  was then placed 
in a small, sealed polythene bag, and kept in a desiccator, before being 
analysed usually within 48 hours of manufacture (because the discs are 
hygroscopic and absorbed water destroys the surface of the disc and 
markedly reduces count rates obtained from i t ) .  A s i lv e r  target X-ray 
tube was used to analyse for the major element S i,  T i ,  A1, Fe, Mn, Mg,
Ca, K, Na and P (Padfield & Gray 1971). The duplicated discs, a stan­
dard rock (Azores rock from Bedford College) and an a r t i f i c ia l  machine 
d r i f t  standard were counted twice for each element peak. The output 
data were used to calculate oxide percentages using the University of
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London computer. This program computed the d r i f t  corrected average of 
the two sets of counts and applied mass absorption corrections. Ferrous 
iron was measured, using the ammomium metavanadate method.described by 
Wilson (1955).
The sample concentrations were calculated from calibration lines, erected 
from standards run both before and a fte r  the samples, using the pro­
cedures of Parker & W ill is  (1977). 4 USGS standard rocks and 3 Bedford
College internal standards covering the compositional range 40% < SiOg 
< 70% were used and the results checked by running standard briquettes as 
"unknowns" with the samples (Table lA-1)
TABLE lA-1 Analytical results fo r  USGS standard rocks (AGV and BCR) 
compared with recommended values reported in Abbey (1973)
AGV *R.V BCR *R.V
SiOg 60.37 60.30 (60.21) 54.88 (54.85)
TiOg 1.06 1.05 ( 1.06) 2.23 ( 2. 22)
AI2O3 17.37 17.39 (17.36) 13.65 (13.68)
FeO(t) 6.87 6.92 ( 6.94) 13.60 (13.54)
MnO 0.10 0.10 ( 0. 10) 0.19 { 0.19)
MgO 1.44 1.59 ( 1.56) 3.65 ( 3.49)
CaO 4.96 4.98 ( 5.04) 6.98 ( 6.98)
NagO 4.42 4.42 ( 4.31) 3.29 ( 3.29)
KgO 3.02 3.01 ( 2.95) 1.74 ( 1. 68)
'’ 2^5 0.50 0.50 ( 0.50) 0.37 ( 0.33)
•Total 100.11 100.26 (100.08) 100.58 (100.25)
*R.V : recommended value (Abbey 1973)
1.2(b) Trace element analysis
A pressed powder p e lle t  was prepared, using a standard piston press as­
semblage from 6.00g of rock powder ground down to 200 mesh and l.OOg of
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TABLE lA-2 Trace element analyses of some USGS standard rocks 
and recommended value (ppm)
BCR G-2 AGV GSR W-1
a 38 10 22 29 21
Y b 37 12 21 30 25
c 46 12 26 32 25
a 171 309 208 500 90
Zr b 190 300 225 500 105
c 185 300 220 500 105
a 12 12 13 20 8
Nb b 13.5 13.5 15 29 9.5
c 14 14 15 29 9.5
a 38 168 64 247 19
Rb b 37 168 67 254 21
c 46 170 67 250 21
a 317 490 653 239 187
Sr b 330 479 657 233 190
c 330 480 660 230 190
a : measured values at Bedford College 
b : recommended values by Flanagan (1973; 1976) 
c : recommended values by Abbey (1973; 1975)
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powdered bakelite PF resin (Grade R 0214/]) .  l.OOg of bakelite PF
resin was weighed into a 25cc plast ic  phial and 6.00g of rock powder 
added with 4 glass beads (Hopkin & Williams 3 .5 - 4 .5mm in diameter) to 
f a c i l i t a t e  mixing. The mixture was well mixed and homogenised by an 
automatic shaker for 20 minutes. The glass beads were removed and the 
mixture poured into a 30mm diameter collecting ring on a base disc to 
ensure even distr ibut ion of the powder; The piston was then lowered 
by pumping with a pressure of 15 tonnes. The pe l le t  so formed was 
baked in an oven at 110^0 for about 25 minutes to harden the resin to 
form a durable pe l le t .  Three standard samples and an a r t i f i c i a l  ma- 
machine d r i f t  standard were counted twice for  each element peak. A 
s i lv e r  target tube was used to analyse for  Nb, Rb, Sr, Y, Zr and Th and 
a tungsten tube was used for  Cr, Ni and V. Mass absorption corrections 
were calculated from the backscattered s i lve r  radiation for  Nb, Rb, Sr,
Y, Zr and Th. The mass absorption corrections for Cr, Ni and V were 
calculated from the major element analyses. The samples were analysed 
at the same time, using the same calibration l ines and the accuracy and 
precision data are l is ted in Table lA-2.
1.3 Instrumental Neutron Activation Analysis (INAA)
The Rare-earth elements (REE), Ta and Hf,were determined by INAA, 
generally following the procedure described by Gordon et al (1968) using
3
a Ge (L i )  1 cm low energy photon detector. La was determined using a
3
Ge (L i )  30cm detector. The samples were prepared by weighing 0.3g of 
sample powder into a special polythene capsule which was then heat sealed 
to prevent leakage. A total of ten unknown samples, one standard rock 
(BCR, NIM-G or OB) and a radiation monitor standard ( A i l sa Craig granite)  
was packed in a polythene tube. Up to two of these tubes were i r r a d i ­
ated for  40 hours, using the zero degree core tube at the University of 
London Reactor Centre (Ascot) in a neutron flux of about 5 x 10^^cm 
sec. Neutron flux variations in the reactor are severe (up to 50% 
variation across positions 2, 3, 4 and 5 of the core tube) but were ac­
curately monitored by placing weighed disc of iron f o i l  (about 0.5g) 
between alternate sample capsules. The intensity of the 1291 KeV iron 
peak was measured, using the 30cc detector, to estimate the flux gra­
dient across each sample tube. Correction factors for  each sample were 
calculated from the flux gradient.
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The samples were allowed to cool for  7 days a f ter  ir radiat ion to allow 
certain intense short lived nucleides to decay. La and Sm were counted 
immediately a f te r  the cooling-off period due to the short h a l f - l i f e  of 
these elements. The samples were counted in the Department of Geology 
at Bedford College, using a high resolution l i th ium-dr i f ted  germanium 
detector (Nuclear Enterprise, resolution of 640eV at 122KeV). The 
counting time varied from sample to sample and was long enough to give a 
peak of at least 1000 counts above the background. The complete gamma 
ray spectrum from between BOKeV and ISOKeV for  each sample was counted, ’ 
using a Icm  ^ detector. The samples were counted for at least  12 hours 
and fo r  some rocks, with low REE abundances, for  up to 36 hours. The 
60-180KeV portion of the gamma spectrum was recorded on a Northern Sci­
e n t i f i c  Econ I I  analyser. Data reduction was by means of the procedures 
described by Routti (1969), using the f a c i l i t i e s  of the London University 
Computer Centre. Corrections were made to resolve peak areas for  the 
count t ime, h a l f - l i f e  decay and neutron flux variations which were moni­
tored by means of disc of iron f o i l .  This program calculates the ener­
gies and areas of the required peaks, and also the cumulative s ta t is t ic a l  
and f i t t i n g  errors. Errors in the s ta t is t ica l  def in i t ion of the peak 
are minimised by f i t t i n g  an analytical function that consists of a Gaus­
sian with provisions for exponential ta i l in g  on both the low- and high- 
energy sides. This degree of ta i l in g  is defined by the distance from 
the peak centroid to a point at which the Gaussian is extended by a simple 
exponential so that i ts  function and i ts  f i r s t  derivative are continuous. 
The Gaussian plus exponential representation of the shape function has 
the characterist ic that the defining shape parameters vary smoothly with 
energy. Intense and well isolated peaks (Nd^^*^ and Ce^^'^^) at each 
end of the spectrum are used as internal calibrations both for  shape 
function and energies of the remainder of the peaks in the spectrum are 
extrapolated. The areas of the peaks are estimated by f i t t i n g  the peak 
with the function described against a straight l ine approximation of the 
background continuum. The energy range from 80 to ISOKeV has many com­
plex groups of in terfer ing peaks and, although this peak f i t t i n g  method 
is accurate and e f f ic ie n t  in resolving interferences, the f i t t i n g  error  
of in ter fer ing peaks can be high.
These peak areas are processed, using a computer program which compares 
the respective photopeaks with those of the gamma spectrum of the radi­
ation monitor standard (A i lsa Craig granite, supplied by the Open
TABLE lA-3 Analyses (in ppm) of USGS standard rock, 
from Flanagan (1973)
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Accepted value
BCR
1 2 3 4 5 Acceptedvalue
La 23.95 23.80 23.81 25.04 24.27 26.00
Ce 52.85 57.78 52.05 50.92 50.91 53.90
Nd 29.67 30.06 30.01 28.62 28.60 29.00
Sm 7.30 7.33 7.30 7.22 7.25 6.61
Eu 2.07 2.17 2.10 2.08 2.05 1.94
Gd 6.57 6.62 6.82 6.82 6.86 6.60
Tb 1.05 1.14 0.96 1.07 1.03 1.00
Tm 0.54 0.52 0.52 0.54 0.58 0.60
Yb 3.50 3.60 3.42 3.51 3.44 3.34
Lu 0.42 0.56 0.56 0.54 0.52 0.55
Hf 4.77 5.19 4.92 4.90 4.69 4.70
Ta 0.81 0.87 0.87 0.92 0.85 0.91
Th 6.33 7.02 7.02 6.45 6.48 6.00
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University).  The results are corrected for f lux variation and for ha lf -  
l i f e  (calculated from the interval between the counting of the sample and 
the counting of the radiation standard).
The USGS standards were used for  the primary calibration of the Ailsa 
Craig granite. Analytical results for  USGS standard rocks are presented 
in Table lA-3. Uncertainties in the accepted abundances in the Ailsa 
Craig standard might lead to systematic errors but the accuracy is con­
sidered acceptable in the l ight  of the results presented.
The main source of  error is due to poor f i t t i n g  caused by interference 
with nearby peaks. The following elements have important interferences:  
with GdT°3-2. with Eu^ZS-O. gj97.3
with Th^G'Z; TmG4'3 with with Th®^’ ^. Rocks which con-
ta in  higher concentrations of Th w i l l  cause a greater error in the determi­
nation of Gd, Tb and Ta. The determination of Gd and Tb, in part icu lar ,
proved to be d i f f i c u l t  due to uncertainties in corrections for  the in te r -  
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ferences of Sm and Pa to 97.4 and 86.8KeV peaks respectively. Sm 
has a short h a l f - l i f e  (47 hours), so approximately four weeks a f te r  i r ­
radiation the peaks at 97.4 and 103.2KeV are v i r tu a l ly  a l l  due to Gd.
This enables a more accurate interference correction to be made as the 
re la t ive  intensit ies of the two peaks are known. S ta t is t ic a l ly ,  poorly 
defined peaks causing large f i t t i n g  errors may also be caused by low
abundances of REE's in the sample, too short a counting time, or by a
long interval between irradiat ion and counting, allowing the elements 
with a short h a l f - l i f e  to decay. The la t t e r  par t icu lar ly  affects La, 
having a h a l f - l i f e  of 162 hours. In general, the best results are ob­
tained for  La, Ce, Nd, Sm, Eu, Yb and Hf.
,1.4 Energy-dispersive electron microprobe analysis
The mineral chemistry of 33 representative samples was studied, using the 
energy-dispersive electron microprobe at the Department of Earth Sciences, 
University of Cambridge. The electron beam is normally incident with an 
accelerating voltage of 20Kv and a speciment current of 25-30nA. Fluor­
escent X-ray photons are detected at a take-off  angle of 40° with a 4mm^
Si (L i )  detector. The pulse processing equipment (the Harwell processor, 
described by Kandiah 1975) is interfaced with a Data General Corporation 
Nova 1220 16K mini-computer. Each spectrum was usually processed
TABLE lA-5 Result of 7 replicate analyses of an oliv ine standard 
at Dept of Earth Sciences, University of Cambridge
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^ \ / J o a l y s i s  
El e m e n t \ .
1 2 3 4 5
MgO 49.770 49.612 49.673 49.373 49.770
SiOg 40.906 41.081 40.011 40.928 40.906
FeO(t) 9.808 9.638 9.682 9.819 9.808
Total 100.484 100.331 100.366 100.119 100.484
^ \ ^ a l y s i s  
El emeni\,^^^
6 7 X S
MgO 49.518 49.622 49.620 0.141
SiOg 40.912 41.026 40.967 0.071
FeO(t) 9.789 9.802 ,9.764 0.073
Total 100.219 100.450 100.350 0.140
X : mean value
S : sample standard deviation
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immediately a f ter  i ts  accumulation, using an i te ra t iv e  peak stripping  
program; ZAP corrections were applied (Sweatman & Long 1969) and the 
analysis was output through a high speed printer. The treatment of the 
spectra was fu l ly  described by Stathan (1976). The d r i f t  of the system 
was monitored approximately every two hours by measuring the channel 
position and size of standard cobalt peak. A standard ol iv ine was ana­
lysed repeatedly and the results of seven analyses performed at intervals  
during the study are l is ted in Table lA-5. The reproductivity of e le ­
ments present in major proportions is excellent (greater than 5%). Al­
though energy-dispersive spectroscopy is extremely rapid, the precision 
of this  method of micro-analysis is not as high as for the conventional, 
wave-length dispersive methods (Reed & Ware 1975). Most of the analyses 
(over 96%) have oxide totals within the range 99-101% and the sum of 
cation approaches stoichiometry.
1.5 Modal analysis
Thin sections were prepared of a l l  granit ic  samples analysed in this  
study. Modal proportions of the mineral phases in the samples chosen 
fo r  the chemical analysis were measured, using a Swift microscope and 
point counter. According to the size of the thin section, between 1800 
and 2000 points were counted, covering the ent ire slide. According to 
Bailey & Stevens (1960), the procedure for staining of feldspars is as 
follows:
1. etch the rock surface by leaving i t  face down for  only 10 seconds 
over hydrofluoric acid at room temperature;
2. immerse the slide in the saturated sodium cobalt in l tr i te  solution for  
15 seconds. The K-feldspar is evenly stained licjht yellow;
3. rinse the slide b r ie f ly  in tap water to remove a ll  of the c o b a l t in i t r i te ;
4. dip the slide quickly in and out of the barium chloride solution;
5. rinse the slide br ie f ly  with tap water and then with d is t i l le d  water;
6. cover the rock surface with the rhodizonate reagent from the dropping 
bott le .  When the plagioclase feldspar has become pink, rinse the 
slide in tap water and allow the slide to dry.
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The varying modal percentage of specimen (e.g. cp8) is presented as 
follows :
1 2 3 4 5
Quartz 
PIagioclase 
K- fsp 
Bio t i te  
Opaques
204 (32.2) 
181 (28.6 
240 (37.9)  
8 
0 •
369 (32.5) 
376 (33.1 
369 (32.5)  
22 
0
492 (33.8) 
473 (32.5) 
461 (31.7) 
27 
5
632 (35.1)  
545 (30.3} 
576 (32.0) 
33 
9
742 (35.3)  
626 (30.0)  
667 (31.7) 
48 
13
N.C 633 1136 1456 1795 2101
N.C : number of counting 
( ) : percentage
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APPENDIX I I  (1) N igg li  values o f the Jurass ic  Seoul and Anyang g ran ites
JS.l JS.2 JS.3 JS.5 OS. 7 JS.8 JS.9 JS.IO
A1 44.53 44.05 40.78 43.64 46.23 44.46 44.75 45.31
Fm 12.69 12.44 17.62 12.57 10.90 11.74 12.54 11.09
C 3.14 4.42 6.00 4.28 5.36 5.58 6.81 4.49
Aik 39.64 39.09 35.60 39.51 37.52 38.22 35.91 39.12
Si 442.83 448.39 394.36 411.44 428.94 423.94 409.30 439.36
Ti 0.44 0.58 0.69 0.25 0.73 0.68 0.78 0.74
P 0.07 0.10 0.11 0.05 0.10 0.10 0.14 0.10
K 0.44 0.44 0.44 0.40 0.43 0.42 0.44 0.43
Mg 0.08 0.13 0.12 0.03 0.23 0.19 0.20 0.20
Qz 184.25 192.02 151.96 153.41 178.88 171.08 165.68 182.90
JS . l l JS.12 JS.13 JS.l 4 JS.15 JA.6 JA.16
A1 44.35 45.70 44.77 44.61 45.97 45.05 49.07
Fm 12.45 11.35 13.01 12.26 10.78 10.43 6.03
C 6.44 5.17 6.59 6.34 5.41 2.91 2.55
Aik 36.76 37.78 35.64 36.79 37.85 41.61 42.35
Si 421.01 417.70 398.26 410.06 434.62 460.17 453.50
Ti 0.84 0.72 0.89 0.79 0.70 0.14 0.13
P 0.12 0.12 0.11 0.12 0.12 0.05 0.05
K 0.43 0.43 0.42 0.42 0.46 0.37 0.40
Mg 0.20 0.21 0.20 0.20 0.19 0.05 0.07
Qz 173.97 166.58 155.72 162.92 183.22 193.74 184.10
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APPENDIX I I  (2) N igg li  values o f  the Jurass ic  Nonsan and Daejeon g r a n i t i c  rocks
JN.l JN.2 JN.3 JN.4 JN.5 JN.6 JN.7
A1 41.40 42.61 40.16 38.89 38.52 41.39 39.28
Fm 16.92 14.98 19.96 21.94 22.46 18.27 22.32
C 12.18 10.83 13.04 14.73 14.74 13.20 12.94
Aik 29.50 31.59 26.84 24.44 24.27 27.14 25.47
Si 307.94 333.83 292.97 264.87 267.93 305.51 291.51
Ti 1.64 1.65 1.74 1.98 1.97 1.70 2.01
P 0.32 0.24 0.34 0.34 0.32 0.28 0.33
K 0.37 0.41 0.36 0.36 0.36 0.39 0.37
Mg 0.27 0.26 0.30 0.36 0.36 0.31 0.32
Qz 89.94 107.49 85.61 67.12 70.85 96.96 89.29
JN.8 JN.9 JN.O JD.ll JD.12 JD.13 JO.14
A1 38.81 38.32 37.98 43.75 44.49 45.36 45.58
Fm 22.34 25.02 27.68 15.06 14.06 12.50 11.89
C 14.37 16.93 14.49 15.68 . 15.36 9.77 11.38
Aik 24.48 19.73 19.85 25.50 26.10 32.37 31.15
Si 271.04 225.49 238.88 343.75 333.28 352.05 352.70
Ti 1.95 1.83 2.08 0.87 0.85 1.42 1.16
P 0.33 0.29 0.35 0.18 0.20 0.23 0.19
K 0.37 0.32 0.32 0.38 0.41 0.40 0.42
Mg 0.34 0.38 0.38 0.28 0.27 0.27 0.27
Qz 73.14 46.57 59.49 141.74 128.89 122.57 128.08
continued
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JO. 15 OD. 16 JD. 17 JD. 21 J D. 22
Al 45. 42 44. 60 45. 31 42. 34 43. 94
Fm 14. 01 13. 16 14. 05 17. 44 14. 66
C 13. 54 13. 63 13. 02 9. 84 15. 73
Aik 27. 03 28. 61 27. 63 30. 38 25. 67
Si 339. 32 339. 71 363. 23 347. 98 337. 81
Ti 0. 83 0. 83 0. 76 1. 10 0. '93
P 0. 20 0. 18 0. 19 0. 19 0. 20
K 0. 41 0. 39 0. 44 0. 46 0. 39
Mg 0. 27 0. 28 0. 25 0. 16 0. 32
Qz 131. 20 125. 28 152. 71 126. 48 135. 13
APPENDIX I I  (3) N ig g li  values o f  the .Cretaceous Palgongsan g ran ite
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CP.l CP.2 CP.3 CP.4 CP. 5 CP.6 CP.7 CP.8
A1 39.83 41.5T 41.27 37.15 38.12 39.75 41.54 39.76
Fm 19.03 20.60 18.32 24.60 23.05 21.71 17.78 19.80
C 11.16 8.82 9.05 10.66 11.04 8.53 8.90 8.64
Aik 29.98 29.06 31.36 27.59 27.79 30.01 31.78 31.80
Si 329.30 339.60 364.82 301.63 298.28 323.02 344.97 336.86
Ti 1.23 1.12 1.10 1.36 1.50 1.19 1.20 1.18
P 0.22 0.18 0.17 0.24 0.27 0.20 0.20 0.20
K 0.36 0.43 0.47 0.40 0.39 0.40 0.40 0.40
Mg 0.26 0.20 0.26 0.26 0.29 0.21 0.24 0.24
Qz 109.37 123.34 139.37 91.26 87.12 102.99 117.87 109.67
CP. 9 CP.10 CP.11 CP.12 CP.13 CP.14 CP.15 CP.16
A1 41.93 41.01 39.89 44.22 39:45 37.22 38.31 40.06
Fm 18.77 18.10 20.28 13.32 20.97 24.35 22.43 21.52
C 8.53 8.70 9.07 2.93 7.79 12.62 11.40 9.08
Aik 30.78 32.19 30.76 39.53 31.80 25.81 27.87 29.34
Si 326.23 344.72 325.71 459.10 333.26 285.14 311.46 312.89
Ti 1.12 1.16 1.26 0.55 1.14 1.56 1.38 1.19
P 0.20 0.23 0.22 0.08 0.20 0.29 0.25 0.21
K 0.40 0.40 0.37 0.48 0.41 0.38 0.43 0.39
Mg 0.23 0.22 0.24 0.09 0.18 0.34 0.26 0.25
Qz 103.11 115.97 102.68 200.98 106.08 81.90 100.00 95.52
APPENDIX n  (4) Niggli values of the Cretaceous Eonyang and Yoocheon 
granites, and associate andésites (CV)
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CE. 1 CE. 2 CE. 3 CE. 4 CE. 5 CE. 6 CE 7 CE. 8
A1 42. 97 45. 24 43. 69 41. 83 41. 35 42. 44 43. 08 41. 10
Fm 14. 41 11. 21 14. 79 17. 14 18. 42 16. 11 15 52 17 73
C 5. 00 4. 66 4. 88 6. 45 4. 35 4. 40 6 04 4. 23
Aik 37. 62 38. 89 36. 64 34. 57 35. 88 37. 04 35. 36 36. 94
Si 419. 11 408. 27 390. 87 371. 58 385. 87 391. 16 385. 34 405. 33
Ti 0. 84 0. 91 0. 88 1. 05 0. 87 0. 88 1. 08 0. 91
P 0. 12 0. 12 0. 13 0. 15 0. 13 0. 14 0. 14 0. 14
K 0. 41 0. 40 0. 39 0. 40 0. 39 0. 39 0. 42 0. 41
Mg 0. 18 0. 20 0. 17 0. 18 0. 11 0. 15 0. 19 0. 12
Qz 168. 62 152. 73 144. 29 133. 30 142. 35 142. 99 143. 92 157. 55
CE. 9 CE. 10 CE. 11 CE. 12 CE. 13 CE. 14 CE 15 CE 16
Al 44. 34 42. 63 44. 74 42 63 41. 76 41. 57 41 81 42 38
Fm 14. 08 13. 76 12. 44 16. 42 17. 32 18. 05 16 64 16. 13
C 6. 82 5. 02 4. 93 4. 37 4. 23 4. 50 5 00 6. 04
Alk 34. 76 38. 58 37. 89 36. 59 36. 69 35. 87 36 56 35 45
Si 376. 97 416. 48 399. 99 368. 30 390. 33 395. 27 397 77 406. 53
Ti 1. 05 0. 93 0. 86 0. 92 0. 88 0. 85 1. 02 1. 00
P 0. 15 0. 14 0. 11 0. 13 0. 11 0. 14 0. 14 0. 16
K 0. 39 0. 40 0. 39 0. 37 0. 42 0. 41 0. 39 0. 48
Mg 0. 24 0. 18 0. 18 0. 15 0. 15 0. 13 0. 17 0. 17
Qz 137. 95 162. 15 148. 41 121. 93 143. 58 151. 77 151. 53 164. 75
continued
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CE. 21 CE.22 CE.23 CE. 24 CE.25 CY.l CY.2
A1 42.05 42.02 41.19 44.25 44.22 41.38 41.74
Fm 15.59 15.70 17.41 11.58 11.46 17.36 17.98
C 4.86 4.64 4.49 6.51 6.88 7.11 6.23
Alk 37.50 37.65 36.91 37.65 37.44 34.15 34.06
Si 437.11 426.00 419.57 403.29 417.90 357.59 360.94
Ti 0.66 0.90 0.81 1.07 1.01 1.08 1.03
P 0.10 0.14 0.12 0.14 0.12 0.17 0.15
K 0.58 0.46 0.43 0.38 0.41 0.41 0.40
Mg 0.07 0.16 0.12 0.27 0.25 0.19 0.14
Qz 187.12 175.42 171.95 152.69 168.14 121.00 124.71
CY.3 CY.4 CY.5 CY.6 CY.7 CY.8 CY.9
Al 42.90 45.00 41.23 43.66 41.27 41.61 43.03
Fm 15.80 13.56 17.03 14.28 16.37 15.06 12.06
C 6.32 6.02 7.40 7.07 7.66 7.57 8.27
Alk 34.98 35.42 34.33 34.99 34.71 35.55 36.64
Si 367.31 398.70 363.35 376.70 365.37 368.45 375.89
Ti 1.03 0.89 1.10 1.16 1.11 1.15 1.09
P 0.15 0.11 0.15 0.15 0.17 1.17 0.18
k 0.40 0.45 0.39 0.40 0.41 0.38 0.38
Mg 0.22 0.17 0.23 0.25 0.23 0.24 0.28
Qz 127.40 157.04 126.02 136.73 126.54 126.23 129.34
continued
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CV. 1 CV. 2 CV.3 CV. 4 CV. 5 ■ CV. 6 CV. 7
Al 36. 40 34. 67 30.86 30. 65 28. 68 28. 87 31. 54
Fm 34. 89 33. 54 35.35 36. 89 44. 86 40. 26 34. 85
C 7. 81 10. 78 18.81 20. 10 12. 07 13. 56 13. 72
Alk 20. 91 21. 01 14.98 12. 36 14. 38 17. 30 19. 88
Si 222. 71 214. 14 169.42 161. 81 171. 88 181. 57 169. 56
Ti 2. 12 1. 99 1.88 2. 24 2. 02 1. 82 ' 1. 99
P 0. 39 0. 46 0.30 0. 28 0. 30 0. 28 0. 31
K 0. 10 0. 15 0.29 0. 41 0. 19 0. 14 0. 16
Mg 0. 49 0. 33 0.48 0. 44 0. 51 0. 51 0. 45
Qz 39. 07 30. 11 9.52 12. 35 14. 34 12. 35 9. 95
APPENDIX I I I  Sur.Kiiary o f pétrographie c h a ra c te r is tic s  in the studied g ran ites
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Quartz
JS-JA JN-JO CP CE-CY
Largest g ra in  s ize 5mm 3mm 3.5mm 4mm
Average g ra in  s ize 3mm 1.5mm 1. 5mm 1mm
M ineral c ry s ta l anhedral -  subhedral anhedral -  subhedral anhedral sub-anhedral 
( la t te r  abundant)
C h a ra c te r is t ic  
o f m in e ra l'
m oderately frac tu red s l ig h t ly  fra c tu re d not fra c tu re d very s l ig h t ly  
fra c tu re d
Occurrence in t e r s t i t i a l in t e r s t i t i a l in t e r s t i t i a l in t e r s t i t i a l
E x tin c tio n undulose 
(due to s tra in )
normal —v mostly 
undulose — » some 
places
normal —y a l l normal —y m ostly 
m ild  undulose — y
a few
Grain boundary graphic intergrown graphic intergrown graphic intergrown graphic intergrown
Texture p o ik i l i t i c  quartz p o ik i l i t i c  quartz p o ik i l i t i c p o ik i l i t i c
(in c lu s io n ) (b io t i t e  la th s )  
p lag io clase
(b io t i te ,  euhedral 
sphene)
(p la g io c la s e ,  
b io t i t e  opaques)
(a lk a li -s s p .
p la g io c las e )
Recrystal 1i sation verm icu lar quartz
myrmekite
( 0 . 2mm in  length)
myrmekite no myrmekite no myrmekite
T r ip le  p o in t o f  
quartzes
120°
P a tte rn  of 
fra c tu re
perpend icu lar to 
each other
a c e rta in  general 
d ire c tio n
ir re g u la r
0 .1 -0.2mm quartz  
grains (aggregated)
aggregation o f  
small q u artz  grains
the undulatory ex­
t in c tio n  and myrme­
k ite  suggest rec ry ­
s t a l l is a t io n
myrmekite
qu artz  is  q u ite  
"a c tiv e "  and f i l l e d  
the in te rg ra n u la r  
boundaries, especi­
a l l y  between the 
p lag ioclases
stra in ed  (daebo 
orogeny)
s tra ined  (daebo 
orogeny)
not s tra ined very m ild ly  s tra in ed  
due to  shearing
continued
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APPENDIX I I I  (continued) 
A lk a li fe ld s p a r
JS-JA JN-JD CP CE-CY
Maximum length 6mm 3mm 4mm ■ 4mm
Average length 3 . 5mm 1mm 1. 5mm 1 .5mm
C la s s if ic a t io n p e rth ite  -  m icro- 
c lin e  p e rth ite
m icroc line m icro p e rth ite m ic ro p e rth ite -  
p e rth i te
Texture p e r th it ic
in tergrow th
p o ik i l i t i c  m icro- 
c lin e s  w ith  in ­
clusions o f  (sub­
round quartz + 
b io t i t e )
p e r th it ic
in tergrow th
p e r th it ic
in tergrow th
Type o f p e r th ite (th e  former abundant) 
(s tr in g s -ro d ) type
s tr in g  type s trin g  type
C rystal shape subhedral -  anhedral 
(columnar p la te )  
( i n t e r s t i t i a l )
subhedral 
( i n t e r s t i t i a l )
subhedral 
(columnar p la te )
subhedral 
(columnar p la te )
Host m ineral Na-fsp p o ik i l i t i c p o ik i l i t i c
E xsolution lam ellae o lig o c lase  (An 15) (q u a rtz , opaques) ( b io t i t e ,  qu artz  
opaque)
R e c ry s ta llis a t io n
myrmekites  are usual­
ly  lo cated  between 
ad jacent c ry s ta ls  o f  
potassium -fsp and 
p lag io c las e
myrmekites non non
A 1 te ra tio n marginal p a rt o f  
p e r th ite  is  s l ig h t ly  
a lte re d  to  s e r ic i te
p a r t ia l ly  to 
s e r ic i te
s l ig h t ly  a lte re d  
to  s e r ic ite
Twinning a combination o f 
a 1 b ite  and p e ri d in e  
tw inning in  which the  
two sets o f lam ellae  
are approxim ately a t  
r ig h t  angles to each 
other (cross-hatched  
tw inning)
myrmekite is  seen 
a t  the marginal 
p a rt o f  p lag io clase  
contact w ith  a lk a l i -  
fsp
subsolvus g ra n ite
m ostly columnar 
p la te  but some 
places show in te r ­
s t i t i a l  c ry s ta ls
low P/T
myrmekite commonly 
p ro je c t from the 
plag io c lase  in to  
the m icrocline
subsolvus g ra n ite subsolvus g ra n ite
1
conti nued
360
APPENDIX I I I  (continued) 
Plag ioclase
JS-JA JN-JD CP CE-CY
Maximum length 3mm 3mm 2 . 5mm 3mm
Average 1. 5mm 1mm 1mm 1mm
M ineral c ry s ta l subhedral subhedral subhedral 
r a re ly  euhedral
subhedral 
r a re ly  euhedral
C la s s if ic a t io n o lig o c lase  
(An 12-15)
o lig o c lase  
(An 18-30)
o lig o c lase  
(An 12-16)
ol i g o d  a se 
(An 12-22)
C rysta l shape columnor p la te columnor p la te  
(ta b u la r )
columnor p la te columnor p la te
Twinning p a ra lle l twinning  
( a lb it e  &
Carlsbad laws)
70% p a ra lle l  tw in ­
ning (a lb it e  & 
Carlsbad law s)
p a ra lle l  tw inning p a ra lle l  twinning
Occurrence idiom orphic id iom orphic idiom orphic idiom orphic
Zonation (v ery  few) pseudo- 
morphous zones,not 
zoned
zoned
30% (normal zoning)
not zoned (v ery  r a re ly  zoned) 
not zoned
Al te ra t io n ce n tra l p a rt o f  
p lag io clase —> s e r i­
c i t e ,  (m uscovite) •
—> s e r ic ite  
(m uscovite)
p a r t ia l ly  a lte re d  to 
—» s e r ic i te
o u ter p a rt weakly 
s e r ic i te
Texture p o ik i l i t i c
(b io t i t e )
p o i k i l i t i c  (sub­
hedral qu artz  + 
b io t i t e )
p o ik i l i t i c  (2mm sub­
round opaques)
R e c ry s ta llis a t io n
myrmekite.
The marginal p a rt • 
o f o lig o c lase  is  r e ­
c r y s ta ll is e d  to 
myrmekite in  contact 
wi th K-fsp and/or 
quartz
myrmekite
core An 15-16 
zone . . ,  ^
nm  An 13
no myrmekite no myrmeki te  
core An 14
zone
rim  An 12
___
continued
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B io ti te
JS-JA JN-JD CP CE-CY
Average length 1mm 0 .5 - 0 .8mm 0 . 5mm 0 .3 - 0 .5mm
M ineral c ry s ta l sub-anhedral 
o c cas io n a lly  —  
—  ( i n t e r s t i t i a l )
sub-anhedral sub-anhedral sub-anhedral
c ry s ta l shape ta b u la r  
(ragged short 
p la te )
ta b u la r
(columnar p la te )
short p la te ta b u la r
(columnar p la te )
Cleavage o ften  observed r a re ly  observed o ften  observed o ften  observed
Texture p o ik i l i t i c p o ik i l i t i c p o ik i l i t i c p o ik i l i t i c
Inclus ions z irc o n , z ircon  
pleochro ic  haloes, 
opaques, a p a tite
z irc o n , z ircon  
p leochro ic  ha loes, 
opaques, a p a t ite ,  
sphene
z irc o n , z ircon  
haloes, opaques, 
a p a tite
z irc o n , z irkon  p le o ­
chro ic ha loes, opaques, 
ap ati te
A1 te ra t io n p a r t ia l ly  a lte re d  
to c h lo r ite
p a r t ly  —» c h lo r ite s lig h t ly  a lte re d  
to  c h lo r ite
m oderately a lte re d  
to c h lo r i te
Surrounded by q u a rtz , K-fsp p lag io c lase
M ineral o r ie n ta t io n  
o r ie n ta t io n
none yes (a c e rta in  
d ire c tio n )  
(syn tecto n ics ) 
fo l ia t io n
none none
Sphene in  and/ 
or around 
b io t i  te
none yes (euhedral 
sphene)
none none
continued
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JS-JA JN-JO CP
I
1 CE-CY
Sphene very ra re ly  seen 
(0.02mm)
up to 1mm (av.0.5mm) 
abundant on /near bt 
(euhedral diamond 
j shaoe)
none j none
1
i
!
Opaques 0 .3 - 0 .4mm (aggre­
gated a t  b t)  
sub-anhedral
I 0 .2 - 0 .3mm 
near/on the b t and 
sphene
0.3mm (subhedral 
subround) around 
b io t i t e
0.2mm (sub-anhedral) 
near/on b io t i t e
Zircon 0.05mm (sub-euhedra l)
z ircon  ra d io a c tiv e  
decay haloes, 
ir re g u la r  on b io ­
t i t e  c ry s ta ls
0.2mm
zircon haloes
0.1mm in  length  
euhedral z irc o n , 
zircon  haloes
0.05mm
zirc o n , z ircon  haloes
A p a tite euhedral la th s  on 
b io t i  te
0 .0 5 -0 .2mm 
( i r r e g u la r  
o r ie n ta t io n )  
(need le shape)
ir re g u la r  needle- 
shaped small apa­
t i t e s  on b io t i t e
very few, r a re ly  
on b io t i t e
ir re g u la r  o r ie n ta t io n  
on b io t i t e
Myrmekite yes (many p laces) yes (abundant) 
commonly contact 
between m icrocline  
and p lag io c lase
none none
c h lo r ite
s e r ic i te
c h lo r ite
s e r ic i te
c h lo r i te  
s e r ic i te
c h lo r ite
s e r ic i te
Hornblende none
1
none anhedral 
0.5mm in  length
short p la te  
(a lte re d )
g ra in  boundary be­
tween k -fsp
anhedral (0.5mm in
len gth )
r a re ly  seen
Tourmaline none none 1mm in  length  (ro d -  
shape) subhedral 
near b io t i t e  and 
p lag io c las e  (r a r e )
none
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a p p e n d i x  I V
THEORETICAL BACKGROUND OF GEOTHERMOMETER
Thermodynamic principles
A fundamental equation in equilibrium thermodynamic is (Denbigh 1968) as 
fo11ows:
" (If) p.ni + (|p) T.ni + ^ ( & )  p.T.nj (j + l)dn1-^>
This equation arises because the Gibbs energy of a system (G) can be ex­
pressed as an exact d i f fe rent ia l  in terms of the independent variables 
P.T. and n i ,  where ni is the number of moles of component i in the system, 
p is the pressure and T the absolute temperature. Equation (1) can also 
be written in the form:
dG = -sdT + Vdp + E yidni (2)
where the entropy S = P-ni
the volume V = T, m
the chemical potential of component i ,
pi = { m l  P- T. nJ (j + 1)
Equilibrium in the system occurs when dG = 0. Under most geological
conditions equilibrium between phases is considered in terms of  constant 
temperature and pressure. Therefore (2) at constant p and T, at equi­
l ibrium gives:
dG = Eyi d ni = 0 (3)
where the summation is made over a l l  the independent components in the 
system. From the equation defining chemical potential above, yi = Gi 
for  a pure phase of  one component i ,  where Gi is the Gibbs energy of pure
component i .  For an impure phase, the chemical potential of component i
can be expressed in terms of the Gibbs energy of the pure phase i at a 
given P .T . ,  plus an extra term to account for  the compositional deviation 
of the natural phase from pure i .
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Thus
yi = y i °  + RT Inal (4)
where yi is the standard chemical potential of component i and is equal 
to the Gibbs energy of formation of pure i .  ai is the ac t iv i ty  of com­
ponent i in the phase and is proportional to the mole fraction of i ,  x i .
For a pure phase i ,  ai = i ( i . e .  Inai = o). Balanced chemical reactions
are the best basis of thermodynamic calculations on mineral e qu i l ib r ia ,  
fo r  example, for  the end member components A, B, C, and D we may have 
2A + B = 3C + D
I t  can be shown from equations (3) and (4) that 
2yA + yB = 3yC + yD 
or 2pA° + 2RTInaA +pg°+ RTlnaB
= 3viC° + 3RTlnac + + RTlnaD (5)
rearranging
- (3yC° + Vq -  2yA° -  yg°) = Rtln (6)
• aA aB
The sum of the standard chemical potentials on the l e f t  hand side of (6) 
is known as the standard Gibbs energy of reaction, AG°, while the a c t i ­
v i ty  product term on the right hand side is known as equilibrium constant, 
k. Thus, equation (6) can be written as:
- AG° = RTInk (7)
G° is the sum of the standard chemical potential (y ) of the mineral 
phase expressed.in the reaction
i . e .  AG° = (sum of G) product - (sum of G) reactants 
where AG° is the standard Gibbs energy of the reaction 
R is the gas constant (R = 0.0083144kJK ^)
T is the temperature in Kelvin (k = °C + 273) 
k is the equilibrium constant
Equation (7) is the most commonly used expression fo r  considering mineral 
e qu i l ib r ia  in geological systems.
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AG° is a function of temperature and pressure while k, which accounts for  
the compositional deviation of natural phases from the end members in the 
reaction, is a function of the composition of the phases as well as tem­
perature and pressure.
For part icular  mineral compositions, the equilibrium relat ion for  a 
balanced chemical reaction involves the unknown p.T. and any composition 
parameters of phases no longer present in the assemblage ( i . e .  s i l ic a te  
l iquid or gas phase), given the p.T dependence of G° and k.
Standard states of solid phases
For solid phases, i t  is convenient to use a standard state of the pure 
phase at any pressure and temperature. yl = y l °  + RTlnai
The ac t iv i ty  of a solid (a i )  = X i ^ i
where Xi is the mole fraction of i
Yi is the ac t iv i ty  coeff ic ient of i
By Rault's law for  near pure phase, Xi Yi 
Hence, ai 1 ; Yi = 1. Such that ai = Xi.
Therefore, i f  ideal mixing between phases occurs or can be assumed to 
occur Yi = 1 and ai = Xi
A ct iv i t ies  can then be replaced in calculations by mole fractions. When 
a l l  solids have composition of the end members ( i . e .  ideal mixing re­
sulting in no solid solut ion),  ai = 1 AG° = 0. For reactions in ­
volving only solids, G is an approximate l inear  function of T and P, such 
that AG° = a + bT = cp
Where a, b and c are constant for a part icular  reaction,
a is the enthalpy, AfH (1,298) kJ
b is the entropy, S (1,298) kJK ^
c is the volume, V (1,298) kJKbar
